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Infrared Absorption and Emission Spectra of Carbon 
Monoxide in the Region from 4 to 6 Microns' 


Earle K. Plyler, Lamdin R. Blaine, and Eugene D. Tidwell 


The infrared absorption and emission spectra of carbon monoxide and carbon dioxide 


have been measured with high resolution in the region from 4 to 6 microns. 


The measure- 


ments of the C?O! fundamental band were carried out to a high precision, and a set of 


molecular constants were calculated from the experimental data. 
bands of CO were measured in the P branch. 
in absorption, and the molecular constants were calculated for this molecule. 


2—1 


mental band of CO, was found to have its center at 2,549.16, Bo 


Dy = 12.6 +0.8* 10-8 em™, 


In emission the 1—0 and 
Twenty lines of C80" were measured 

The funda- 
+ 0.00005, and 


0.39026 


The complete emission spectra of CO and CO, from 4 to 6 microns are shown in two 


figures. 


1. Introduction 


The infrared absorption spectra of CO and CO, 
have been measured by many observers in the region 
from 4 to 6 w [1].2 The previous results showed the 
rotational properties of the bands, but the individual 
lines were not measured with sufficient precision for 
an accurate determination of the band’s centers or 
the other molecular constants. The emission spectra 
of CO and CQO, have also been the subject of a brief 
report [2], but a precise measurement of the rota- 
tional lines was not made. 

The present work was carried out for the purpose 
of making a more precise determination of the wave- 
lengths of the fundamental bands of these two mole- 
cules in emission and absorption, so that both sets of 
data could be used in the determination of the molec- 
ular constants. The improvement in the precision 
of the measurements was made possible primarily by 
the use of a Fabry-Perot interferometer for a com- 
parison spectrum and by further calibration with 
standard atomic lines from enclosed ares of xenon and 
krypton. 


2. Experimental Method 


An infrared grating spectrometer was used for the 


resolving instrument. Measurements were made 
with two gratings, one with 4,572 lines/in. and 


another one with 7,500 lines/in. Each grating had 
a surface with rulings about 5's in. high and extended 
over 8 in. From 4 to 5.5 uw better resolution was 
obtained with the 7,500 lines/in. grating. In the 
absorption measurements lines separated by 0.2 «m7! 
were resolved and in emission lines separated by 
0.3 cm”! were resolved. By the use of a S\ nehronous 
motor and a precision gear drive, the grating is 
slowly turned so that the spectral region from 4 to 
DS pu is scanned. 

The details of the optical system and the arrange- 
ment of the interferometer, absorption cell and 
sources have been previously described [3]. A cooled 
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PbTe photoconducting cell was used as the detector 
for the infrared radiation. A 1P28 photomultiplier 
was used as a detector of the visible fringe system 
produced by the Fabry-Perot interferometer. One 
amplifier is used with the photomultiplier, and a 
second one is used to amplify the signal changes of 
the PbTe cell. The output of the amplifiers are 
recorded on a two-pen recorder, and the recorded 
fringe system superimposed on the absorption spec- 
trum throughout the band. In order to relate the 
fringe system is to definite wave numbers for measur- 
ing the absorption spectrum, higher orders of standard 
lines of xenon and krypton, which are detected by 
the PbTe cell, are superimposed on the chart. 

By having the standard lines detected along the 
same optical path as the absorption spectrum, any 
errors that would be produced by a different optical 
path of the interferometer are avoided. By this 
method the fringe system is used for the determina- 
tion of equal intervals of wavenumbers, and the 
absolute position of the band is determined by the 
standard lines. 

In the measurements of this region the spacer of 
the interferometer was about 2 mm in thickness, and 
the separation of maxima of the visible fringe system, 
observed in the tenth order, was equal to 0.28 em™! 
in the 5 uw region, 


3. Experimental Results 


The observed spectra are shown in figures 1 
through 4. In figure 1 is shown the 4.26 y» absorp- 
tion band of CO, present in 6m of laboratory air. 
On account of the low transmittance in the center of 
the band for about the first 15 lines in both the ? and 
R branches, accurate measurement could not be 
made in that region. The 4.26 u band of CQ, is also 
overlapped by the two isotopic molecules, C™O," 
and C’O"O". In addition a higher state, or hot 
band, of tormal CO, should have appreciable in- 
tensity for this quantity of gas. With a vacuum 
instrument and measurements at reduced pressures 
of the CO, gas. it would be possible to resolve many 
rotational lines of the three molecules. The extra 
lines seen in the region from 2,290 to 2,330 em! are 








in most part due to the C™O,'® molecule. 
branch of the band of CO," is not so strongly over- 
lapped, and a number of the lines have been meas- 
ured. In the use of the lines of CO, from 2,290 
2.330 em~! for calibration, it is necessary to take into 
consideration the spectral slitwidth of the instru- 
ment emploved, as the lines will change their position 
with varving resolution. In table 1 is given a list 
of the measured lines and the calculated and observed 
wavenumbers; the molecular constants calculated 
from these measurements are given in the last section 
of this report. 

In figure 2 is shown the emission spectrum of CO,. 
The spectrum in emission was observed from the 
flame of a glass blower’s toreh. A rich mixture of 
methane gas and oxygen was burned, as this type 
of flame gave good intensity for the emission bands 
of CO and CO,. The two bandheads, 001-000 and 
O1'1-O1'0, of the CO, emission spectrum are very 
prominent at the high frequency part of the spectrum. 
In between these two band heads are a number of the 
emission lines of the R branch of the CO, band. In 
the region beyond the two band heads there is over- 
lapping of the emission spectrum of the flame and 
the absorption spectrum of atmospheric CO,. The 
atmospheric absorption is so great that very few 
lines or other band heads are observed in the region 


to 


Observed and calculated rotational lines of C4 yt 


and C8’Q," 


TABLE 1 


The P 





Ce’o Ceo 
Devia Devia 
tion tion 
Caleu- Obs —cak Caleu- Obs —cak 
Obs« ec Obese ee 
bserved) lated bserved lated 
cm cm cm cm cm cm 
P 5s 2203. 762 2203.74 0.002 P48 2304.785 2304.774 O.O11 
“eh 2205, GM4 JH), O14 O30 4) 23065), G11 23065), GO4 OT 
Mw) 242.045 2302. 20 025 2 2347.560 2347. 593 o24 
R 30 2370. 310 2370. 274 036 Ri) 2384.958 2384 on2 oo4 
$2 2371. 431 2371. 430 Ool 62 2385. 741 2385. 738 OOs 
“4 2372. Hr 2372. Hl 41 4 2386, 408 2386. 480 ona 
Ro 2373. 062 2373. 666 Oo4 (i 2387. 211 2387. 214 Oos 
3s 2374. 741 2374. 747 006 68 2387.923 2387. 914 ana 
") 2375. 778 2375. 802 24 70 «2388. 501 2388 SAA 008 
1 2376. 823 2376, S32 Oog 72 2389, 273 2389, 236 O37 
44 2377. 828 2377. 837 oo9 74 «2380. 862 2380. 850 O03 
" 2378. 810 ZaTS. 816 OO) 7 2300. 444 2300. 450 O12 
is 2379. 751 2379. 770 O19 7S 2391.0490 2391. 069 O20 
Mw) 2380. 691 2380. 649 00S MM) 62301. 556 2391. 4574 OS 
A2 2381. 600 2381. 602 m2 S22 2392.105 2302. 004 oll 
ae | 2382. 462 2382. 480 OlS— SH 2393.043 2393. 057 o14 
Mi 2383. 335 2383. 343 oor SS 2303.505 2393. 00) 008 
‘ 2384. 163 2384. 160) 003 uo 2393. GOS 2303. G17 O12 
CeO CHO 
Devia Devia 
tion tion 
; 0) : ' “a “akc 
Observed Caleu hs —cak Oweceved Caleu or cal 
lated lated 
cm cm cm cm cm cm 
44 2245.610 2245.613 0.008 P24 2234.06) 2264969 0.0090 
2 2247.00) =. 2247. 658 (ar 22 220. 759 2. 771 o12 
"w) 2244. H82 2244. O78 Oo a 2208, 547 228. 549 oo 
3s 2251. 671 2251. 675 Oo4 IS) -2270.313 2270. 303 ol 
$2 2257. 521 2257. 51S 008 14 -2273.744 2273. 738 Tn 
a0 2259.420 2259. 417 003 10  2277.076 2277. 076 000 
as 2H1. 26 2261. 242 wn 2278. TOS 2278. 70S Ooo 
2b 223.144 224 145 OO! 6 2280.314 2280. 316 one 
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from 2,310 to 2,375 em~'. The spectral lines, which 
are prominent in the region from 2,250 to 2,310 «em, 
are produced by the absorption of C’O," and C°O,". 
Twenty lines of the ? branch of C“O,'® were measured 
in absorption and are given in table 2. The band 
center, vp, was found to be 2,285.056 + 0.014 em”. 

From 2,220 to 2,250 em~! several emission lines 
of the R branch of the 1-0 band of CO have been 
identified. They are overlapped by other lines and 
could not be measured to as high a precision as in 
absorption. 

Figure 3 is a continuation to 1,940 em~! of the 
emission spectrum shown in figure 2... The rotational 
lines in this region primarily belong to the 1—0, 2-1, 
and 3-2 transitions of CO. Seventeen of the rota- 
tional lines of the 1-0 band of CO have been measured 
toa high precision and were included with the absorp- 
tion data in calculating the molecular constants of 
CO. Twenty lines of the 2-1 band were also meas- 
ured, and the observed and calculated values are 
listed in table 2, %)=2,116.80 em for 2-1 transition. 
In the region from 1,860 to 2,050 em~', some of the 
emission lines of the H,O molecule appear in the 
spectrum. 


TABLE 2. Observed and calculated rotational lines of 


CeXO" (2-1), CBO", CRO" 
CPVo'"(2-1 CRO" 2-1 
Devi- Devi- 
ition ition 
Calcu- obs—eale Caleu obs—cale 
Obs ( Observe 
bserved “tree bserved lated 
cm cm cm cm cm cm 
P 3s 1048. 66 1948.672 O.012 P 22 2025. 06 ge2025, 069 0. 000 
33 1973. 40 1973. 381 og 21 229. 61 2024. 582 Os 
32 197s. 24 1978. 233 OO7 17 2047.32 2047. 312 00s 
31 1083. 05 1983. O54 mn Ith QO51. 645 QO51. 4 ol4 
a4 19902. 63 1002. 607 23 1S 2055, a 2055. GS4 (Ht) 
Us 10907. 34 1497. 338 oor Ww 2077.10 2077. 093 My 
7 Ww2. 2 Aw. O37 O17 Qu 2s1. 22 2081. 216 ined 
vat) 206). 71 2006, 706 (wi s 2085. 31 2085, 305 Os 
25 211.32 Wil. 343 023 ; 2084.36 2080. 300 TLD 
23 22). Mw) D2. 525 “25 D7. 36 V7, 370 Old 
CHO CoO 
Devi- Devi- 
ition ition 
Caleu obs—cale Caleu obs—cale 
Obs ‘ Obs e* 
bserved lated bserved lated 
cm cm cm cm cm cm 
P13 245. 77 2045. 788 OO. O18 P77 2069, 63 20649. 661 0.031 
12 244 s4 244. S45 Oo 4 2081. 20 Js1. 173 027 
10 yi) SA 2057. Si ol4 3 Ds4. U5 2084. O46 Lin} 
4 2061. 85 2061. S30 2 2 20S. OS QOUSS. OST OT 
s 205.78 WMS. TH Olu 1 2002.40 - 20G2. 3905 Oo5 
RO 2009.69 200.714 O24 Rw 2134.33 2134. 320 Ol 
3 2110.43 2110. 447 O17 1! 2137.00 =2137. 504 OO 
i 2113.94 2113. 95s O1S 13 2144.05 2144. 040 oOo 
5 2117.43 2117. 436 O06) 17 21568. 51 2156. 516 (i 
7 2124. 31 2124. 291 Oly Is 2159. 54 2159. 547 OO7 
Ceo Ceo 
Devi Devi 
ition ition 
Caleu obs—cak Caleu obs—cak 
Observes Observe 
bserved lated t ved lated 
cm cm cm cm cm cm 
R4 2109. 44 2109. 640 oO. 000 Ril 133 4 2133. 536 0.016 
5 2113. 44 2113. 437 Os 12 21th. Tt 2136. 739 21 
2116, 84 2116. S47 WOT 4 143. 11 2143. 11S (0s 
10 2130.27) = 2130. 2638 O07 


In figure 4 is shown the absorption spectrum of 
carbon monoxide. Some of the lines arising from 
the two isotopic molecules can be seen between the 
stronger lines of C’O"®. Several lines of water vapor 
are superimposed on the spectrum in the region from 
2,010 to 2,050 em~'. Because of the low intensity 
of the isotopic bands, many of the lines of C’O" 
were not appreciably distorted and could be measured 
with high precision. <A total of 10 sets of observa- 
tions were used in obtaining the values of the wave- 
numbers of the lines. Great emphasis was placed 
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From 2,250 to 2,280 em-', the 
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The fundamental band of CQ» at 


itmospheric absorption of CO ,'* 


on making precise measurements of the CO absorp- 
tion spectrum, so that molecular constants of high 
precision could obtained. Many lines of the 
bands, arising from CO" and CO" are present in 
the spectrum. Some of these have been measured, 
and the values are given in table 2. The wave- 
numbers of the calculated and observed values for 
the rotational lines of the 1-0 band of CO" are not 
given in this report, as they have previously been 


be 


published [3]. 
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ibsorption spectrum was measured in an air path of 6 m 
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Lines arising from C0", C80", and C0" can be seen in this region. A cell of l-m length was used, and the gas pressure was 3 cm of Hg. 
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4. Discussion of Results 


From the measurements of the bands, which are 
shown in the figures, molecular constants have been 
obtained for the carbon monoxide and carbon dioxide 
molecules. Due to the overlapping of many lines 
in the emission spectrum, precise measurement could 
not be made of a sufficient number of the rotational 
lines in the ? branches of the 2-1, 3-2, and 4-3 
transitions of the CO bands to obtain the molecular 
constants for these states to a high precision. 

From the measurements of the fundamental band, 
it has been possible to calculate the molecular con- 
stants of C”’O" to a high precision. The first 
important attempt to determine the constants of CO 
precisely was by Rao [4]. In 1952 Plyler, Benedict, 
and Silverman [5] made a study of the first overtone 
bands of CO in emission and absorption and obtained 
a set of constants which were not in accord with the 
results of Rao. These constants were obtained from 
measurements of the first overtone bands (2-0, 3-1, 
4-2, and 5-3) of CO and were of good precision. 
The present work, however, shows that the values 
for w,, wer, and w,y, were all slightly in error. The 
error was caused by the inaccuracy of the v, for 3-0 


band of CO. The band center was found to be 
6,350.47 +0.05 em, but the present measurements 
show this band center should be 6,350.42 em7! 


which is at the limit of our estimated precision. 
This error of 0.05 em~! was large enough to create a 
perceptible difference in our molecular constants. 
More recently Goldberg and Miiller [6] have made a 
study of the CO spectrum from the sun. Because 
of the high temperature of the sun, they were able 
to observe 6 bands in the first overtone region which 
had their origin in transitions from the higher energy 
levels. In addition, the high temperatures made it 
possible to observe lines with large J values in both 
the R and P branches. The lines of large J values 
are very important in the determination of those 
molecular constants which depend on cubic or 
quartic powers of the rotational quantum number. 
A comparison of their values and those obtained in 
the present work will be discussed later. 

In the measurement of the lines in the fundamental 
band of C’O", a Fabry-Perot interferometer was 
used in determining the wavenumbers of 43 lines 
which were measured in the absorption spectrum 
extending from P., to Ps. Fifteen lines between 


constants, derived for carbon monoxide 


(CRO" 


TABLE 3 Volecular 


Constants one ane Present work 
cm cm 

We 2169. 83 2169. 830 +0. 004 
Were 13. 207 13. 207 +0. O17 
wed. 0.0115 0.01150 +0. 00014 
Rh, 1. 93141 1. 93130 +0. 00005 
a, 0. O17520 0. O17520 
Ye 2 x 10-* 15«k10- 
Db, 6. 18 10" 6. 26 lr 
8. —1. 76x 10% 2 99x 10% 
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P.. and Ps. were measured in emission. By least 


squares the lines were fitted to the equation 
(By > Bo)m + (B,— Bo 


2()), T Dy)m 


D, T Dy)m? 
(D), 


Vv vot 


Do\m'* (1) 


where Bo is proportional to the reciprocal of the 
moment of inertia in the ground state, and Jy is 
proportional to the centrifugal distortion. B, and 
D, are the same type of constants for the excited 


state. The constants obtained are as follows 
vp =2143.274 +0.003 cm“, 
B,=1.904994 + 0.000036 em~, 
By= 1.922523 +0.000037 em, 
Dyo=6.26 +0.025™ 10— em™, and 
D,—Do= —2.99 * 107° em™". 


i 


The values obtained for By and py are in excellent 
agreement with the same constants determined by 
microwave measurements [7] if the velocity of light 
is, ¢=299,792 km/sec. From the measurements on 
the fundamental band and the previous measure- 
ments of the first overtone, a new set of constants 
have been determined on the basis of the present 


work. These constants and those obtained by 
Miller and Goldberg are listed in table 3. In the 


calculation of @,, w.£,, and w,y, the 7-5 and 6-4 
harmonics, measured by Goldberg and Miller, have 
been used in addition to the 1-0, 2-0, 4-2, and 5-8 
transitions measured in this laboratory. A compari- 
son of the constants of Goldberg and Miiller with 
those obtained in this work, shows that there 
excellent agreement. The value of B, obtained by 
Goldberg and Miller is 1 107! larger than the value 
calculated from our results. The small differences 
in y, and 8, are unimportant. Only under the best 


Is 


circumstances can these constants be determined 
with any degree of accuracy. Often the data are 


not sufficiently accurate to obtain the correct sign 
for these constants. On account of the use of a 
large range of quantum numbers of rotation and of 
vibration, the values of Goldberg and Miiller for 
- and 8, should be more accurate than the ones 
obtained from the present measurements, and they 
are in better agreement with the theoretical values. 

MeCulloh and Glockler [8] have measured the 
emission bands of CO" in the region from 1900 to 
6500 A and from these results have caleulated the 
and wy, for C°O" and C’O". Their values 
for C’O" are #,—2,169.84 em™, w.7,— 13.301 em, 
and w,y,=0.0123 em™'. These values are in good 
agreement with those listed in table 3, but they are 
slightly larger than the same constants calculated 
from the infrared bands. 

In addition to the fundamental band of C’O" at 
4.67 uw, there are two weak bands which overlap it 
produced by C"O" and C’O". The rotational lines 
of these bands are in some cases superimposed on the 
lines of C?O". Mills and Thompson [9] have made 


W,, Wht’ po, 


a measurement of 33 lines of the CO" isotopic band. 
They used the calculated position of the fundamental 
band of C’O" for calibration. The fundamental 
band was calculated by them from the measurements 
in this laboratory of the first overtone band. The 
agreement of the measurements of Mills and Thomp- 
son, compared with measurements on 20 lines in this 
laboratory, are excellent. It indicates that with 
proper calibration high precision measurements can 
be made on infrared bands. 

The constants obtained from the two sets of data 
are in good agreement and are shown in table 4. 
Seven lines of the # branch of the fundamental band 
of C"’O" were found to be in close agreement with 
the values obtained by Mills and Thompson for this 
band. These lines are listed in table 2. 

On account of the intense absorption of the CO, 
in the 6-m path, the lines near the center of the 


001-000 band could not be measured. <A total of 36 
TABLE 4 Volecular constants C®%Q'™ 
Constants Mills and Present work 
Phompson 
cm cm 
RP 1. S218 1. S216 
Pr 1. S382 1. S380) 
0. O1645 0.01633 
Db 54x10 58x10 
We 2141. 41 2141. 41 
12. 67 12. 67 
2006, OF 2006, O71 


the constants 
using a cubic 


were measured, and 
by least squares 


lines, however, 
were calculated 
degree equation. 

The agreement between the observed and calcu- 
lated wavenumbers for the lines is shown in table 1. 
The position of any line can be obtained from the 
equation 


y= 2,349.16 0.77748 m—0.0030926 m- 


0.000000504 m (2) 


where m=J+ 1 for the R branch and m -J for the 


P branch. 


yo 2,349.16 +0.01 em 


39026 +-0.00005 


12.6 +0.8X 107° 
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By was previously calculated from 3y3, and a value 
of 0.3902 cm~! was found from that band. This is in 
good agreement with the present results [10]. These 
measurements are not as precise as those made on 
CO. The lines were broadened by the atmospheric 
pressure, and in many cases the absorption was too 
large, making it impossible to obtain the center of 
the line with precision. 

Sixteen lines in the P? branch of C'™QO,'* have been 
measured. These lines are listed in table 1. The 
value of vp was found to be 2.285.056 em='. The 
estimated standard deviation of the lines from the 
calculated values is 0.006 em~'. The other molecular 
constants were not determined. 

Because of overlapping it was not felt that suffi- 
cient lines of the 3-2 transition of CO could be 
measured with good accuracy so that reliable molecu- 
lar constants could be obtained. This band can be 
obtained with greater precision by calculation from 
the other levels. 


The authors express their appreciation to Joseph 
M. Cameron of the Statistical Engineering Section of 
this Bureau for assistance in making the least squares 
computations on the electronic computer, SEAC. 
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Specific Heats of Collagen and Leather 


Joseph R. Kanagy 


Determinations of the specific heats of collagen, vegetable-tanned leather, chrome- 
retanned leather, chrome leather, and these materials containing varying percentages of 


moisture were made at 25° C. 


and quebracho tanning extracts and on a stuffing grease and an animal oil. 


The same determinations were also made on dry chestnut 


The results 


obtained with the collagen and leather containing various percentages of moisture show 


abrupt breaks in the curves, which indicate 


on the basis of changes in the vibrational 
molecule. 


Lubricating materials, added to leather, increase the specific heat. 


phase changes. These changes are explained 


activity of the polar groups in the collagen 


This affects the 


comfort of the leather adversely during cold weather 


1. Introduction 


In connection with the heats of wetting of collagen 
and leather [1],' interest arose with regard to the 
specific heats of these materials. For highly acecu- 
rate calorimetric measurements, a knowledge of the 
specific heats of all components is necessary. 

Although specific heat is a fundamental physical 
property, little information with regard to its values 
for leather or collagen is available in the literature. 
An examination of the literature located only one 
study of the specific heat of leather. A. Cheshire 
and N. L. Holmes |2] give a value of 0.263 cal/g for 
dry leather and 0.321 ecal/g for leather containing 
16.28-percent of water. The Handbook of Chemis- 
try and Physies [3] gives a value of 0.36 cal/g/deg C 
for the specific heat of dry leather. 

An important study related to leather was made 
by Hampton and Mennie [4]. They determined the 
specific heats of gelatin gels over a temperature range 
of 25° © to 180° ©, in an effort to obtain some 
information on bound water. They found that the 
specific heats of water and dry gel were not additive, 
and their studies vielded no reliable information on 
the percentage of so-called bound water in these 
materials. 

Specific heat is an important factor in determining 
the comfort of wearing materials. Although not as 
important as the rate of conduction of heat, the 
amount of heat required to maintain temperature 
equilibrium will depend upon the heat capacity of 
the materials worn. This is especially noticeable in 
cold weather when shoes are changed. 

A study of the property of specific heat is most 
important in the elucidation of some of the funda- 
mental properties of a material. A determination of 
the specific heat of leather containing varying 
amounts of moisture may vield information with 
regard to the manner in which the two components 
combine. The comparison of the specific heat of 
collagen with that of leather may yield similar in- 
formation with regard to the tanning agent and 
collagen. 





Figures in brackets indicate the literature references at the end of this paper 
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| In the present study, the specific heats of collagen 

| and three different tannages of leather were deter- 
mined at 25° C. Determinations of specific heats 
were made on the dry material and on the materials 
containing various percentages of water ranging from 
0 to 17 percent. Specific heats were also determined 
for two types of tanning agents and for oils and 
greases used to lubricate leather. 


2. Apparatus and Procedure 


The calorimeter used in this work was the same 
as the one used in a study of the heats of wetting 
of collagen and leather [1]. This calorimeter was 
originally developed by Newman and Wells [5] to 
study the heats of hydration of cements. 

An attempt was made, in the initial experiments, 
to make the determinations by suspending the mate- 
rials in carbon tetrachloride. Carbon tetrachloride 
was used as the suspending liquid and heat transfer 
medium because it has a low specific heat (approxi- 
mately 0.2 cal/g/deg C) and because it is a nonpolar 
liquid, which should not react with leather or colla- 
gen. <A liquid of low specific heat was desired, so 
that the accuracy of the measurement would be 
improved by having a greater percentage of the 
total heat absorbed by the sample under test. 

However, the determination of specific heats by 
suspending the specimens directly in the liquid me- 
dium used for thermal transmission was found to be 
unsatisfactory. The apparent specific heats obtained 
in this way were quite variable and sometimes nega- 
tive, which is impossible. The medium apparently 
reacted with the materials to take up energy, or a 
slow solution process occurred. 

In order to obtain reliable data, it was necessary 
to place the test specimens in a container where no 
direct contact was made with the heat-conducting 
medium. The specimens were placed in small copper 
tubes 11 em in length and 1 em in diameter. About 
2.5 g¢ of sample was contained by each tube. A 
series of ten tubes was used for a determination on 
each sample, making a total specimen size of about 
25 ¢. The ten tubes were wired together to form a 
| raft, and then submerged in the heat-conducting 
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tetrachloride. This procedure 
proved to be very satisfactory. The small diameter 
of the tubes, and the intimate contact will all the 
tubes by the medium, gave rapid thermal equilibrium. 
Determinations were made at 25° C on each sample 
at various concentrations of moisture. The copper 
tubes were filled with the leathers or collagen condi- 
tioned at 50-percent relative humidity and 73° F. 
After the specific heat was determined on each speci- 
men, the caps on the tubes were removed, the tubes 
and contents were placed in a desiccator, and part of 
the moisture was removed by means of a vacuum 
pump. After pumping for several hours, the tubes 
were removed from the desiccator, the caps were 
replaced, the tubes and contents were weighed, and 
the specific heat was determined. This procedure 
was continued until there was no further 
weight on evacuation. Six to eight determinations 
on each specimen with varving amounts of moisture 
were made in this way. Finally the specimen was 
completely dried by heating in an oven at 100° © 
for 24 hr and a specific heat determination made. 
Determinations in the calorimeter were made in 
pairs : 


medium of carbon 


loss in 


The runs were started slightly below 25° C. 
After thermal equilibrium was reached, heat was 
added by passing a measured current from a bat- 
tery through a coil having a known resistance. 
The temperature rise in a definite time was deter- 
mined, and when thermal equilibrium was again 
reached, the procedure was repeated. This ruive 
two determinations of the heat capacity of the svs- 
tem for each run, one slightly below 25° C, the other 
slightly above 25° © If the two determinations did 
not check within 0.5 pereent, the run was repeated 
The average of the two determinations was used to 
calculate the specific heat. 

The average deviation from the mean of a single 
determination of specific heat was about 3 percent 
This is equivalent to a standard deviation of 0.0] 
in the specifie heat. 


3. Results 


The results of determinations of spe ‘ific heats of 
collagen, chrome-retanned leather, vegetable-tanned 
leather, and chrome-tanned leather are given = in 
table 1. These results include measurements made 
on the materials containing varving percentages of 
moisture, and also determinations on the materials 
dried by heating for 24 hr. at 100° C. Chemical 
analyses of the collagen and leathers are given in 
table 2. 

In order to obtain some information on the spe- 
cific heats of materials used in) leathermaking, 
determinations were made on chestnut and quebracho 
tanning extracts. These materials were dried at 100 
(' for 24 hr before the determinations were made. 
Measurements were also made of the specific heats 
of stuffing grease and of animal oil (neat’s foot). 
The stuffing grease was obtained by extracting it 
from a sample of chrome-retanned upper leather. 
The values obtained for the specific heats of the 
tanning materials and the lubricating materials are 
given in table 3. 


TABLE 1, Spe cific heats of collagen and leather sam ple sat 25° C 
Coelienes Chrome-retanned Vegetable-tanned Chrome-tanned 
—— leather leather leather 
NM ois- Nl ois Nlois Nlois 
Toi Specific loi Specific loi Specific . Specific 
ture } t ture } t ture } t ture } ' 
\ ‘ vi 
content —_ content ve content _— content : 
al ade cal a dea cal ade lg dea 
t ( ( Lf 
‘ 0, 3723 0 0. 3404 0 0. 3334 0 0. 3045 
1. 2 3440 1. 52 S287 LI S20 1. OS 201s 
1. oO si05u » 12 3206 1. 32 . 3274 3.69 3031 
1 it 114 $. 23 $448 2. 59 $280) 7. 59 3576 
“6.44 Hel 7.2 $458 $85 ‘s44 4 34 37 
17.08 12~ 1 23 3474 6.20 3730 11.07 {S45 
11. 29 Sa) +. 83 3835 13. 46 ts4l 
131 ts44 14. 4H us 
1. SI 4129 
TABLE 2 Chemical analysis of the leathers moisture and 
grease -ilree hase Xx 
Hide Vegetable 
Leuthe ut As! Cr.0 tannin by 
Stance difference 
( l I low 
\ tubl inned |] 2. int 0.24 7.70 
( n tanned leather us a 1s 5 
( tanned lea SASS 4.2 
( ulated t uSsII ! n fru _ ee rt ¢ ) } } 
im sulfate tanning agent and t value fo t cel 7 
1} e Crd, 12 
TARLI 4 Specific heats of leathermaking materials at a5° © 
Ma i Dl | f 
lea ¢ 
( pp P Nau 
(juet dlr 1a2 
Stuflr ’ i Dy hi 
Anin ' 


4. Discussion 


The variation of the specific heat with moisture 
content for collagen, chrome-retanned leather, vege- 
table-tanned leather, and chrome-tanned leather is 
shown in figure 1. As the moisture content of the 
sumple increases from 0 to | or 2) percent, the 
specific heat through a minimum. This 
behavior occurs with all of the samples. After the 
minimum, there is a sharp increase in the specific 
heat as the moisture content After the 
sharp rise, the curves reach a plateau where the 
specific heat is nearly constant until the moisture 
content reaches about 9 percent. Bevond this point, 
the specific heat increases further with increase in 
moisture content. The plateau region occurs for 
each of the three leathers. For collagen, the number 
of determinations in this area was insufficient to 
establish the exact shape of the curve. 

Breaks in the curves showing the increase in a 
physical property with moisture content are not 
unexpected. However, studies on moisture adsorp- 
tion [6], heats of wetting [1], and dielectric constants 


passes 


Inereases., 
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ict RK} ] Variation of the S pe cific heat with the peres ntade of 


rate in the materials 


(7, 8] have failed to reveal any abrupt changes with 
increase In moisture content. The sorption of 
moisture by a protein is undoubtedly similar to the 
formation of hydrates in inorganic compounds. The 
sorption of moisture over a wide range of relative 
humidities would be expected to form a series of 
hvdrates. This series of hvdrates should correspond 
to different compounds having different properties. 
From studies of the moisture relations of leather and 
other proteins by the above-mentioned procedures, 
it has been found that the energy of combination of 
moisture decreases as the amount of moisture is 
increased. The rate of decrease has, however, in all 
Instances characterized by a smooth curve 
indicating that the precision of the measurements 
Was not great enough to detect a discontinuity which 
would be characteristic of a change in phase. 
Studies of the heats of wetting [1] show that the 
greatest amount of heat is evolved in the adsorption 
of the initial amounts of water by the dry materials. 
The adsorption of this amount of moisture apparently 
lowers the activity of some of the atoms, decreasing 
the magnitude of their vibrations, so that they absorb 
less energy. This would produce a minimum in the 
specific heat. The addition of moisture, bevond 
about 2 percent, apparently forms additional vibra- 
tional sites, for an abrupt increase in the specific heat 


been 


Occurs. 

It has been suggested [9] that the first water mole- 
cules adsorbed by a protein are taken up between 
two polar groups. This would definitely lower the 
activity of the two groups, and might correspond to 
the minimum for specific heat at about 2-percent 
moisture adsorption. In further addition of mois- 
ture, it was assumed that each group would adsorb 
a molecule of water. The abrupt rise in specific heat 
would then correspond to the point where the bridge 
between atoms formed by one molecule of water was 
broken, and the vibrational freedom of the atoms, 


was again increased. The plateau region in the 


, CO!/g / DEGREE 





@ GELATIN GEL 















a 
w GELATIN GEL 2 
= 0.5} © COLLAGEN 
Y 
= ° 
= 66 ee 
a 6 
ee 

0.3 

oe 

18) 10 20 30 40 50 60 7C 80 9¢ 100 
WATER , PERCENT 

FIGURE 2 Variation of the Specific heats of collagen and of 


gelatin with the percentage of water in the samples 


Data for gelatin from Hampton and Mennie, 


curve from 3 to 9 percent may correspond to the 
adsorption of one molecule of water per polar group 
in the protein molecule, to complete a monomolecu- 
lar laver. Pauling [9] gives data to show that ap- 
proximately 9 percent of water is required for a 
monomolecular laver in collagen. Beyond 9 percent 
of moisture, the polar groups may be saturated with 
one water molecule per group, and possibly a second 
laver, with two molecules per polar group, is begun. 
This corresponds to the addition of more energy- 
adsorbing vibrational sites, and the specific heat shows 
a further increase. 

Hampton and Mennie [4] determined the specific 
heats of gelatin gels containing varying percentages 
of water at temperatures ranging from 25° C to 

-180° C. Their mean results over the temperature 
range 0° to 25° C are shown in figure 2, together with 
the results obtained in the present study for collagen, 
The specific heat of dry collagen is higher than that 
of dry gelatin. When collagen is hydrolyzed to 
form gelatin by heating in water, a shrinkage reac- 
tion occurs with rearrangement and internal com- 
pensation of active polar groups. It is, therefore, 
expected that gelatin would have a more inactive 
structure, with fewer free polar groups to absorb 
vibrational energy, than collagen. For this reason 
the specific heat of collagen would be expected to be 
higher. 

The results on gels by Hampton and Mennie, as 
shown in the curve in figure 2, show a break, which 
indicates a phase change at a moisture content of 
approximately 32 percent. There are not sufficient 
determinations with the gels at low concentrations 
to indicate whether there are any discontinuations 
in the curve at exactly the seme points where they 
occur with collagen and leather. The gel-water sys- 
tem also does not exactly parallel the collagen or 
leather-water system. The former system borders 
on solution, whereas the latter represents a system 
of a solid and a vapor at low concentration, 

Many attempts have been made, in studies of 
protein-moisture systems, to derive conclusions with 
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regard to the amounts and properties of the so-called 
bound and unbound water present. This is some- 
times done by subtracting the calculated value for a 
physical property, based on that for the dry material, 
from the total value for the constant when water is 
present, with the assumption that the difference can 
be attributed entirely to the water content. By the 
application of this procedure to the results obtained 


from that of either the dry protein or the pure water. 
As the percentage of water increases, the properties 
of the compound change; the activity of the water 
increases, but it remains restricted in mobility, as 
would be expected in multilaver formation. The 
fact that water is adsorbed by a material is sufficient 
basis to conclude that its mobility has been restricted. 
There is apparently no sharp boundary line between 


bound and unbound water. 

Specific heats of the dry leathers are lower than 
that of dry collagen. In table 3, values for the 
specific heat of chestnut and quebracho extracts are 
given. The specific heat of vegetable-tanned leather 
is approximately midway between that of the vege- 
table extracts and collagen. As shown in table 2, 
percentage of tannin in vegetable-tanned leather is 
approximately 50 percent. It therefore appears that 
the influence of the tannin on the specific heat of the 
leather is additive. Chrome leather has a lower 
specific heat than that of the other leathers. The 
Handbook of Chemistry and Physics [3] gives a 
value of 0.200 ecal/g/deg as the specific heat of 
('r.(SO,);5H.O. There is, however, not sufficient 
chromium sulfate in chrome leather to reduce the 


for the specific heats of collagen and leather in this 
study, the values shown in table 4 were obtained. 

These calculated results obviously have no signifi- 
cance, except to show that the specific heats of the 
dry leather and the water present are not additive 
to give the specific heat of the conditioned material. 
A negative apparent specific heat is obtained for 
water when the concentration in the collagen or 
leather is low. At higher concentrations, the appar- 
ent specific heat of water is positive, but varies with 
the type of leather. The actual specific heat of 
water at 25° C is 0.998 ecals/g/deg C. 

Determinations of bound and unbound water in a 
protein-water system are questionable. The 
called protein-water system is probably a hydrate 
that behaves as a compound, differing in properties 


SO- 


a hl - . - ‘ . } 
TABLE 4 Calculation of apparent specific heat of water at 25° C in leather assuming that specific heat of leather is same 


as for dry material 


Heat 





* Heat 
Material Heat Apparent 
_ ee Material es ibsorbed Specific heat | Absorbed by absorbed spaniiin bent 
tlaned dry by dry conditioned ner wates of wate: 
ate | material 
Coll ! 
) 7] Wideqa C ladea C ul deg ¢ cal deq C cal q deq ¢ 
l 7. 6561 23 6313 1 (248 s 7UTU 0. 3723 11. S68 3. 038U 0. 7550 
2 25. 1H 23. H313 1. 5348 s. 7U7U S723 10. 2199 1. 4220 Y2H5 
3 24. TOS0) 23. 6313 1. O767 s. 707 S724 4. 917s 1.1109 1.0401 
{ 24 (O47 A313 0. 4634 & TUT 3723 s SINS Oo. O14 0.0307 
1 23. 8733 23.6313 2420 s 7UTu {723 S. 3318 itil 1. 2H 
t 23. 6313 23.0313 0 Ss. 707 $7.25 8. 7079 0 LL 
Chrome-retanned leathe: 
] 25. 7H04 23. 147 2 6152 7 SS1U 3404 y JU2 14107 0. 5804 
2 5. PV 23. 1547 ) 1304 7. 8814 $404 S.7S61 (). WO42 4242 
3 24. S205 23. 1547 1. 6748 7. S819 S404 s. SSH) 7041 1204 
j 4 1352 23 1547 oO. USO 7 SSIU S404 SS 3ZIS 04 t4s6) 
23. 0451 23. 1547 104 7. S814 S404 7.721 14 $271 
' 23. SOS 23. L547 S511 7. 8814 S404 7. 7204 1555 $420 
7 23. 1547 23. 147 0 7. S819 S404 7. S81 0 it 
Vegetable-tanned leather 
§ 
1 2. GST2 2 630 S&S. 1103 0. 3334 11. 1302 3.0199 1.1479 
2 26. 5O16 2. MW5l Ss. 1103 3434 10. 2212 2.1109 0.4319 
; 26. 2307 1 W4 8. 1103 3334 10. 0596 1. 0493 1. 0237 
1 25. 8336 1. O71 S. 1105 3334 0. 6404 1. 5251 1.0119 
25. 2632 0. 936 Ss. 110% 3334 7112 1. H009 1. 7091 
‘ 24. 8506 6301 S. 1103 . 3334 S. ISG] 0.0758 1203 
7 24. (467 S202 8. 1103 $334 &. O809 O44 1262 
s 24. 6005 rst) & 1103 3334 7.8780 2323 2USH 
’ 24. $265 0 8. 1103 $434 S. 1103 0 0 
Chrome-tanned leather 
l 27. 5517 23. GH60 3. S857 7. 2973 0. 3045 11. 2018 3. 0045 1.1140 
2 27. 1922 23. G6H0 3. 2202 7. 2973 S045 10. 4434 3. 1461 0.9752 
3 2. 6TSS 23. G60 2. 6528 7. 2073 4045 10. 362 3. 0653 1. 15545 
1 26. 2176 23. 0660 2. 2516 7. 2973 S045 9. 7970 2. 4997 1. 1102 
5 25. 7848 23. Wn) 1. SISS 7. 2973 S045 %. 2213 1, 9240 1.0578 
ti 24. 85090 23. G660 0. 8840 7. 2073 3045 9. 0244 1. 7271 1. 517 
7 24. 4305 23. G60 4735 7. 2073 4045 7. 1306 0. 1667 0. 3521 
x 23. woo 23. you 0 7. 2973 3045 7. 2073 0 0 





specific heat to the value found, if the values are 
assumed to be additive. It is probable that the 
chromium sulfate reduces the vibrational activity by 
forming cross links in the collagen molecule. The 
formation of cross links is in accordance with the 
most widely accepted theory of chrome tanning [10]. 

The comparatively high specific heats of the lubri- 
cating materials (table 3) used in leather, diminish 
the comfort of the leather in cold weather by ac- 
celerating the removal of heat from the body. 
Greases and oils are not firmly adsorbed by the 
leather. They adhere to the leather by filling the 
pores, and form an intimate mixture. It is, there- 
fore, expected that the specific heats of leather and 
the lubricating materials would be additive, and 
that the combination of the two would have a higher 
specific heat than that of leather alone. It has also 
been shown that both moisture and grease increase 
the heat conductivity of the leather [11]. The com- 
bination of these factors would, therefore, further 
diminish the comfort of the leather containing lubri- 
eating materials. 


The author wishes to express his appreciation to 
Kdwin S. Newman for permission to use the calori- 


metric equipment, and for his interest in the work, | 
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The pH values of the well-known Clark and Lubs buffer solutions have been determined 


at 25° C on the conventional activity 


pH seale defined by the 


NBS standards 


These 


solutions, which are useful for pH control in the range | to 10, are readily prepared by com- 
bining portions of four stock solutions with standard solutions of hydrochloric acid or sodium 


hydroxide, The four stock solutions 


contain 


potassium chloride, potassium hydrogen 


phthalate, potassium dihvdrogen phosphate, or boric acid and potassium chloride. The 


compositions and buffer values of the solutions are listed at intervals of 0.1 pH 


mated ACCUrACY is 0.02 pu unit 


1. Introduction 


Among the best known series of buffer solutions for 
pH control are those of Sorensen [1] '; Palitzseh [2]; 
Clark and Lubs [3]; MelIlvaine [4]; and Cohn, 
Hevroth, and Menkin [5]. Of these, perhaps the 
most widely used, particularly as) standards in 
colorimetric pH determinations, are the solutions of 
Clark and Lubs. These are prepared by addition of 
standard solutions of hydrochloric acid or sodium 
hydroxide to portions of four stock solutions, followed 
by suitable dilution with water. In this way, buffer 
solutions of a predetermined pH value from 1 to 10 
can be made. 

The compositions and pu ranyves of the solutions 
are as follows: 

pH 1.0 to 2.2: 25 ml 0.2 MW KCI+- + ml 0.2 VW HCI, 
diluted to 100 ml. 


pH 2.2 to 3.8: 50 ml 0.1 AZ KEL phthalate+. ml 
O.1 A HCI, diluted to 10€ ml, 
pH 4.0 to 6.2: 50 ml 0.1 JZ KH phthalate+. ml 


0.1 A NaOH, diluted to 100 ml. 

pH 5.8 to 8.0: 50 ml 0.1 WW KH,PO,+- ml 0.1 MV 
NaOH, diluted to 100 ml. 

pH 7.8 to 10.0: 50 ml of a solution 0.1 AZ in both 

H, BOs and KCL+ + ml 0.1 AZ NaOH, diluted to 100 
mil. 
The exact compositions of solutions whose Sdrensen 
pH values at 20° C vary in steps of 0.2 unit are to be 
found in monographs on pH measurement and in 
chemical handbooks 

In recent vears there has been a gradual shift from 
the pH seale set forth by Sorensen to a conventional 
activity seale defined in such a way that measured 
pH values are consistent with the thermodynamic 
dissociation constants of the weak acids and bases 
that fix the pH [6]. The pH values assigned 
by Clark and Lubs to their buffer solutions are 
based on the earlier, virtually outmoded, seale. 
Thev are, therefore, about 0.04 unit lower between 
pH 3 and 11 than the values that would be assigned 
today. Near the ends of the pH seale the difference 
may be considerably greater. 

Moreover, the pH values of these buffer solutions 
were determined by Clark and Lubs at 20° C rather 
than at 25° C, the temperature preferred for most 
experiments today For these reasons, the pu of 
these useful buffers has been redetermined on the 


new seale at 25° C 


Figures in brackets it 
In his monogray ( 


iH m4 ” ? 


The esti- 


2. Method 


The pH was calculated from the 
force, , of cells of the type, 


Pt: H,. KCl (satd.) solution 
S, H, (2g); Pt. (DD 


clectromotive 


(x) solution X 


according to the relation 


Ie 


0.059156 


at 25 


pu, — pHs4+ (1) 
In cell 1, solution X is the “unknown” buffer solution 
and solution S one of the NBS pH standards. In 
eq (1), 6.059156 is the value of 2.3026 RT/F at 25° C 
if 2? is 8.31439 j deg™! mole~', F is 96493.1 coulombs 
equiv, and 7 is 298.16° on the absolute tem- 
perature seale. 

In accord with the usual convention, /¢ was given 
the sien of the electrode on the right. It was thus 
positive when the pH of solution X exceeded that 
of solution S and negative when the pH of X 
exceeded that of S. Due to the symmetry of cell 1, 
the value of is unaffected by changes in the partial 
pressure of hydrogen, for equality of the latter at 
the two electrodes was maintained. 

Kor a part of the measurements, the potentials 
of the two half-cells were measured separately with 
respect to a saturated calomel reference electrode 
that made electrolytic contact with the bridge 
solution of cell 1. The pH of solution X was then 
calculated by eq (1), modified by the substitution 
of ky Is for b. 

Four of the NBS standards were used in this study. 
In general, the standard with pH nearest that of 
the “unknowns” was selected for each particular 
series, as follows: 


Series Standard = > * 
HCI, KCL (pH, 1.0 0.05 M_ potassium 1. 6S 
to 2.2 tetroxalate 
KH phthalate, HCl 0.05 M_ potassium 1 O1 
pHy 2.2 to 4.0 hvdrogen  phtha- 
late 
KH phthalate, 0.05 M_ potassium 1. O1 
NaOH pHy 4.1 hydrogen  phtha- 
to 5.9 late 
KH,PO,, NaOH 0.025 M KH,PO,, 6. S6 
pHy 5.8 to 8.0 0.025 WV Na,HPO, 
H.BO., KCI, NaOH 0.01 M borax 9. 18 


pHy 8.0 to 10.2 
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The four standard solutions were freshly prepared 
for each series of measurements and were intercom- 
pared occasionally in cells of type I. The differences 
of pH among the three standards of pH above 4 
were always consistent with the values assigned to 
these solutions. Because of the residual liquid- 
junction potential, which becomes significant at low 
and high pH [7], the measured difference between 
one of these three standards and the tetroxalate 
standard is found to be too large by about 0.02 pu 
unit. Therefore, uncorrected pH measurements 
with cell I in the range between pH 1.68 and pH 
4.01 may be considered to be in error by -O.02n 
(4.01—1.68)= +0.009n, where nv is the difference of 
pu between the unknown and the standard. In 
applying this correction, due regard must be given 
the sign. If the assembly is standardized at pH 4 
or above, the correction is added to the measured 
pu; if it is standardized at pH 1.68, the correction is 
subtracted. This correction has been applied to the 
values reported in this paper. 


3. Experimental Procedures 


The cell vessel has been described elsewhere [7]. 


Fresh hydrogen electrodes were prepared daily. For 


use in the phthalate solutions, the platinum foil 
bases were coated with palladium black [8]; in the 
other solutions, a coating of platinum black was 
satisfactory. The deposits were formed by elec- 
trolysis for about 2 min at a current of 300 ma. 
The palladium and platinum solutions were prepared 
as described elsewhere [9]. About 1 hr after the cell 
was immersed in the constant-temperature water 
bath and the flow of hydrogen begun, the liquid 
junctions were formed. The emf was measured 
immediately after establishment of the junctions and 


was found to remain constant within 0.1 mv for 


one-half to one hour. 

The potassium hydrogen phthalate and potassium 
dihydrogen phosphate were NBS Standard Samples 
IS5a and 1S861b, respectively. Boric acid was _ re- 


crystallized twice from water and was dried in air 


at room temperature. The potassium chloride was 
a purified fused sample prepared in a manner de- 
scribed previously [10]. The standard solutions of 
hydrochloric acid were prepared from a distilled 
sample and were standardized by the gravimetric 
silver-chloride procedure. The solution of cur- 
bonate-free sodium hydroxide was standardized 
against NBS Standard Sample potassium hydrogen 
phthalate using phenolphthalein as the indicator. 
The standard solutions were not exactly 0.1 AZ or 
0.2 M, but the results have been expressed on this 
basis. Calibrated volumetric glassware was used 


4. Results 


The pH values obtained were plotted as a function 
of the quantity of standard acid or alkali added. 
The amounts of reagent read from the smoothed 


large-scale plots at even intervals of 0.1 pH are 
listed in the accompanying tables. The estimated 
accuracy of the pH values is +0.02 unit. When 
corrections for the differences in temperature and 
scale of reference are applied, the results of Clark and 
Lubs for the phthalate, phosphate, and borate solu- 
tions are found to be entirely consistent with those 
given here. The discrepancy is greater with the 
acid-chloride mixtures, for which the residual liquid- 
junction potential is appreciable. 

The Van Slyke buffer value, 8, is defined as 
dbdpH [11]. The quantity db represents the num- 
ber of moles of strong alkali which increase the pH of 
| liter of the buffer solution by the amount dpH. 
The values of 8 given in the last columns of the 
tables were computed from the data for a finite 
increment, ApH=0.2, by the relation 8~Ab/ApH. 
In this formula, then, Ad was the number of moles of 
strong alkali needed to raise the pH of 1 liter of the 
buffer solution from 0.1 unit below the point in 
question to 0.1 unit above. Both Ab and ApH are 
negative for additions of strong acid. 

The pH values of the acid-chloride mixtures given 
in table 1 agree closely with the pH computed from 
the molar concentration, ¢, of hydrochloric acid and 
the ionic strength, uw, by the formula 


0.509 
pH = —log e-+ == 
| 


1.643 yu 


in which the activity coefficient of hydrogen ion is 
expressed by the Debye-Hiickel equation with ion 
size of 5 A. This formula has also been used to 
calculate the pH values of mixtures of a constant 
total molarity (and ionic strength) of 0.1, which 
Clark [3] preferred. The results are given in table 6. 

The buffer solutions should be prepared with a 
good grade of distilled water. Water for the prepara- 
tion of the alkaline solutions should be boiled and 
protected from carbon dioxide while cooling, or 
should be purged with carbon dioxide-free air. The 
solutions will usually show satisfactory stability 
over a period of several weeks, 


Compositions and buffer values of solutions of pH 
/ / 
J 


75 ml O.2 M KCl. x ml 0.2 M HCL, diluted to 


TABLE 1. 
1.0 to 2.2 
100 mil 


pu Buffer value, 8 
oo 67.0 os 
110 42.8 24 
12 $2.5 iv 
1. a 3. ¢ lt 
140 6 13 
1™ 2.7 lo 
1“ 16.2 uy 
1.70 0 iw 
1s Ww 2 m4 
1.40 s 1 O87 
2) ‘ TD 
2 Ww 51 Wt 
> a 3.4 VJ 
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TABLE 2 ( om positions and buff r values of bu fle r solutions 
of pu 2 2to 4.0: 5Oml0.1 M KH phthalate, x mlo.1 M HCI, 
diluted lo 100 mil 


- Buf :, TABLE 5 Compositions and buffer values of buffer solutions of 
pt sufle ‘ “ / J J 
uffer value, 8 pu SO to 10.2 5O ml oja mixture 0.1 M with re spect to hoth 
KCl and HgBOs, x ml 0.1 M NaOH, diluted to 100 ml 
2.20 14 
2 30 is 0. O46 
2. 40 42.2 O35 Butter 
2 38.8 O34 pu value, 8 
2 60 $5. 4 033 
2.70) de L s2 sO ao 
2 si) 2s 9 O32 & 10 14 Oo. O10 
2 40 25.7 033 s. 20 6.0 Ol 
$M) 22.3 OSA &. 30 ye O1s 
+10 Iss 033 &. 40 x6 O15 
} “) 15.7 O30) sO) 10.1 O16 
yo 12.4 026 &. 60 11.8 OS 
4 - - = | Ss. 70 13.7 00 
5 om - 24 | SSO 15.8 O22 
a 6.3 ols 8. OO 1s. 1 025 
od ‘ O17 9.00 8 027 
» oe 6.9 O15 9. 10 23. 6 O28 
; oH) 1.4 ol4 4. 20 "i. 4 29 
Lo 0.1 ol4 9 30 ”% 3 028 
4. 40 32. 1 027 
TABLE 3 Compositions and buffer values of buffer solutions of 9. ™) 34.6 024 
~ ~ ‘ . ; . | 9. i aH. 22 
pu 1.110 5.9: 50ml0.1 M KH phthalate ~cmlod M NaOH, > on ~ og 
diluted to 100 ml 9. 80 10.6 O16 
4.90 42.2 O15 
1H Butter 10.00 43.7 O14 
, value, 8 10. 10 45.0 013 
10. 20 45. 2 a 
110 1.3 0.016 - 
1A 3.0 ol7 | 
+ 4.7 OLS | 
14 6.6 020 | 
1% 8.7 22 


TABLE 6 HCI-KCIl mirtures of constant ionic strength, 
4. fi) 11.1 025 u—O.1; compositions and buffer values of solutions of pu 
| 


- 0 ~ 6 02% 10 to 2.2: x ml0.2 M HCI, y ml 0.2 M KCI, diluted to 100 ml 
™) hoo (hey 
ou) 14.4 O30 
5 O00 2? 6 O3l 
Molarity Molarity 1H Buffer 
10 25. § 031 of HC] of KC] f value, B 
‘Ay 25.8 O30 | 
30 31.6 O26 | 
i) 34.1 2s ow 0 1.11 0.23 
70 36.6 O23 | ov ool 115 21 
| Os a 1. 20 Is 
“0 {mS 020 | 07 03 1. 26 16 
70 10.6 O17 | On O4 1. 33 14 
st) 2065 Os 
Ww) 43.7 ols | Os O5 1. 41 12 
4 on 1 ae 
03 O7 1.63 ne 
n ° , » I » 
| ABLI 1 ( om positions and buffer values o} buffer solutions ot on a . 4 am 
PH 4.8 to 8.0: 50 ml 0.1 M KH,PO,4, 2 ml 0.1 M NaOH, | J Hi 
diluted to 100 ml 005 095 2.41 O12 
} O02 OOS 2 80 004 
| ool OY 3.11 oo 
Butler | 
iH 
value, 
mae | H Buffer 
} 4 value, 8 
~) + 
wm) it ool 
OO ¢ oll | “(1.00 67.0 iT) 0. 31 
6.10 His O12 | 1. 10 1.2 0 24 
6 20 g | Ls 1. 20 10.7 9.3 19 
| 1. 30 $2.3 17.7 15 
4 > k 7 - 1. 40 25. 7 24.3 12 
6. 40 ' 4 
6 0 13.40 024 1.50 20.1 29.9 093 
& 16. 4 027 1 16.0 34.0 O74 
6. 70 10.3 O30 1.70 12.8 37.2 QoY 
1s) 10.2 30.8 047 
® ww ” 4 033 10 &. 1 41.4 03 
6.40 25.9 O35 
= 1) 2% | 031 200 6.5 43.5 O30 
7.10 32.1 02S | 2.10 5.2 44.8 024 
) 34.7 O25 | 2. 20 4.2 $5.8 o1gd 
| 
7. 30 37.0 022 | 
7. 40 34.1 020 "4 =().134, 
7 50 119 O16 | w=0.102 
7.1) 42.4 O13 
70 43.5 Oll 
7. sO $4.5 Og 
7. 4) 5.3 OOS 
sO 4. 1 
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nal of Research of the National Bureau of Standard 


Heat Capacity; Heats of Fusion, Vaporization, and Tran- 
sition; and Vapor Pressure of N-Dimethylaminodiborane, 


(CH3)2NB2Hs 


George T. Furukawa, Robert E. McCoskey, Martin L. Reilly, and Ann W. Harman 


The heat capacity of N-dimethylaminodiborane was determined in the temperature 


range from 17° to 285°K by 
transition was found at 199.9 —0.1 
point temperature was found to be 218.4 
abs j mole”! 


vielded 30,119+30 abs j mole ~'. 


means of an adiabatic calorimeter. 
K, with a latent heat of 7794 abs j mole~!. 
0.2°K, and the 
The measurements of the heat of vaporization 
The results of the vapor-pressure measurements from 


solid-solid 
The triple- 
heat of fusion to be 1,408 + 30 
at 271.60°K (94.3 mm Hg) 


\ first-order 


220° to 290° K can be represented by the equation 


log; PY mmHe 


+ 1.01048 *& 10-57? 


106.5734/7' + 5.2095614 ~ 10° T 
1.390588 XK 10 


773 —11.63086. 


The data were used to construct a table of smoothed values of heat capacity, enthalpy, 


entropy, and Gibbs free energy from 0° to 


285° K. 


The entropy of N-dimethylaminodi- 


borane in the ideal gas state at 1 atm and 271.60°K was computed from the data to be 
» 


wed 


302.3 0.6 abs j deg 1! mole! (72 


1. Introduction 


Many boron hydrides and other boron-containing 
compounds are relatively unstable and undergo 
various disproportionation reactions. These equilib- 
ria are complicated in many cases by the large num- 
ber of different compounds produced in the reaction. 
The dearth of thermodynamic information regarding 
these substances prevents computation of the degree 
of thermal and chemical stability. Also, there is 
considerable interest in these materials from the 
standpoints of their structure and of practical appli- 
cations. In view of these considerations, a program 
of thermodynamic study was initiated to aid in the 
better understanding of boron-containing com- 
pounds. This paper deals with the determination of 
heat capacity, heats of fusion, vaporization, and 
transition, and vapor pressure, and with the com- 
putation of the thermal properties of .V-dimethyl- 
aminodiborane, (CH»s).NBoHs. 


2. Apparatus and Method 


Measurements of the heat capacity and the heats of 
fusion and transition were carried out in an adiabatic 
calorimeter similar in design to that deseribed by 
Southard and Brickwedde [1]'. The details of the 
design and operation of the calorimeter have been 
previously given by Scott et al. [2]. 

In the measurements of the gross (sample plus 
container) heat capacities at the lower temperatures, 
where the heat-capacity curve has a large curvature, 
the temperature interval of heating, 47, was made 
small in order to minimize the curvature correction; 
from 17° to 30°K AT was 1 to 3 deg, from 30° to 
HO°K it was increased from 3 to 5 deg, and above 


Figure n bracket nel te the terature references at the end of tl paper 
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5+ 0.14 eal deg-! mole 


60°K it was as much as 8 deg. Also, in the transi- 
tion range (discussed in section 4 of this paper) AT’ 
was made small to obtain as closely as possible the 
shape of the heat-capacity curve, as well as to mini- 
mize the curvature correction. The curvature cor- 


rections [2] were made whenever significant using 
the relation 
Z A =) (AT)? 1) 
/ ae Oe ale 
"m AT \OT?/, 24 


where Z is the heat capacity, 7), the mean tempera- 
ture of the temperature interval A7, and @ the 
energy input. The net heat capacities were obtained 
by subtracting the tare (empty container) heat 
capacities from the gross heat capacities after the 
necessary curvature corrections have been made. 
The tare heat capacities at the temperatures of the 
observed gross heat capacities were obtained by 
four-point Lagrangian interpolation [3] in a table of 
smoothed tare heat capacities given at 1-deg intervals. 

At the higher temperatures, where the vapor 
pressure became significant, corrections were applied 
to the net heat capacities for the heat of vaporization 
and for the mass of vapor in the filling tube. The 
corrections were determined by using the following 
relation [4] 


—=— rt = dm, 
C. i ur 
net —~ Ln eet (m—m,) i} l IT 


m Why 

(2) 
where C..4 is the molal heat capacity of the con- 
densed phase at saturation pressure, JZ the molecular 
weight of the material, C,, the net heat capacity, p 
the vapor pressure at 7, V the volume of the calo- 








rimeter, m the total mass of sample, m, the mass of 
vapor in the filling tube, v, the specific volume of the 
condensed phase, and / the heat of vaporization of 
unit mass of sample at 7,,. This correction at the 
highest temperature (285°K) of the measurements 
amounted to 0.15 percent, 

The heat-of-vaporization experiments were made 
in another adiabatic calorimeter similar in design to 
those described by Osborne and Ginnings [5] and by 
Aston et al. [6]. The details of the design and 
operation can be found in these references. 

For the vapor-pressure measurements, the calo- 
rimeter used in the heat-capacity experiments was 
connected to a mercury manometer, which was read 
by means of a mirror-backed calibrated glass scale. 
The calorimeter served as a thermostated container, 
and the vapor-pressure measurements were generally 


made at successively higher temperatures. As no 
provision was made to stir the sample, several 
measurements were made at successively lower 


temperatures as a check on the equilibrium of the 
sample. These two series of results, one obtained 
going up and the other going down the temperature 
scale, did not differ significantly. The pressure 
readings were converted to standard mm He (g 
980.665 em *. temperature=0°C) on the basis 
that the local gravity is 980.076 em sec~?. 
Temperatures above 90°K were determined in 
accordance with the International Temperature 
Seale [7]. Below 90°K, a provisional scale was 
used, which is based on a set of platinum resistance 
thermometers calibrated against a helium-gas ther- 
mometer [8S]. All electrical instruments and acces- 
sory equipment were calibrated at the Bureau. The 
atomic weights used were based on the values given 
in the 1952 Report of the Committee on Atomic 
Weights of the American Chemical Society [9]. 


sec 


3. Sample and Its Purity and Heat of Fusion 


About 200 ml the material was originally re- 
ceived in a break-seal ampoule; after degassing, by 
repeated freezing, pumping, and melting, approx!- 
mately one-half of this material was transferred by 
vacuum distillation into a weighing flask for calori- 
metric studies. The sample in the weighing flask 
was degassed further, first by pumping at about 
—70°C and later by freezing, pumping, and melting 
three times. Following this treatment the sample 
(59.0725 was transferred immediately into the 
calorimeter. 

The purity of the sample was determined prior to 
the heat-capacity measurements from its equilibrium 
melting temperatures. In this method all the im- 
purity is assumed to remain in the liquid phase and 
not to form a solid solution with N-dimethvlaminodi- 
borane, and Raoult’s law of solution is assumed to 
be applicable throughout the whole range of impurity 
concentration, The observed equilibrium melting 
temperatures are plotted versus the reciprocal of the 
corresponding fractions of the material melted, 1/F 
The fraction melted is obtained from the ame in- 
put, heat capacity, and heat of fusion. The product 


cr) 
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of the eryscopic constant, A//,/R7Z,, and the slope 
of the temperature versus 1//' curve is the mole frac- 
tion impurity. In the eryscopic constant, A//, is the 
heat of fusion, R the gas constant, and 7’, the triple- 
point temperature. The extrapolated temperature 
intercept (at 1//'=0) of the temperature versus 1/F 
plot is taken as the triple-point temperature of the 
pure material. The results of the measurements and 
subsequent computation are summarized in table 
The eryscopic constant used was 0.0036 deg 


TABLE lI. Equilibriu m melting temperatures of 


N-dimethylaminodiborane 


Mole fraction impurity =0.0036 AT, 
K C+273.16 

Reciprocal of frac- 1 

tion melted, 1/F 
7.50 217. 2538 
1 SY 217. 5751 
3, 30 217. 7SS6 
2.51 217. 9303 
1. 42 218. 1683 
0.00 b21s. 4 


rriple-point temperature, 218.4+-0.2° kK 


Purity, 99.9 mole percent 


W heney 
ire significant only 


er temperatures are 
in the 


given are accurate to 0.0L) K 
decimal, the last two figures 
differences 


*The te mperatures 
expressed to the fourth 
measurement of small temperature 

bExtrapolated 


The heat of fusion was determined in the usual 
manner by heating continuously from a temperature 
a few degrees below the triple-point temperature to 
just above it and by correcting for heat capacity and 
for premelting caused by the presence of impurity. 
(Certain amounts of material are already melted at 
temperatures just below the triple-point temperature. 
The amount melted is dependent upon the impurity 
content, the eryoscopic constant, and the closeness of 
the temperature to the triple-point temperature.) 
The experimental heat capacities in the region just 
below the triple-point temperature were found to 
have apparently high values caused by the premelting 
of the sample. The premelting corrections calculated 
from the impurity content did not seem to correct 
the observed heat capacities satisfactorily. The final 
values of heat capacity in this region (see table 6) 
were obtained after revising the observed values by a 
combination of premelting correction and extrapola- 
tion. These corrections were not particularly accu- 
rate, consequently the heat capacities are believed to 
have large errors, probably as much as several per- 
cent. The calculated value of the heat of fusion, 
which is relatively small, has a large percentage un- 
certainty resulting from the inaccuracies in the heat 
capacity and premelting corrections. 

The results of the heat-of-fusion measurements and 
computations are summarized in table 2. Consider- 
ing the various known sources of uncertainties, such 
as premelting and heat capacity corrections men- 
tioned in the previous paragraph, energy measure- 
ments, heat leaks, and mass of sample, the heat of 
fusion is probably accurate to +30 abs j mole 


TABLE 2. Molal heat of fusion of N-dimethylaminodiborane | TABLE 3 Observed heat capacity of N-dimethylaminodiborane 





Molecular weight =70.756, triple-point temperature =218.4° K Molecular weight = 70.756, °K C+273.1 
kK C+ 273.16 | 
— , 
Corrections } Pm i 1a7 . 
' 
Heat 
remperature interva : AHs | > 
en Heat Premelt | RUN 1 
capacity Ing 
A A ahs le mole 
214.2928 to 221.3568 4 2248, | 953. 3 61.0 1405.58 1 QTRT > 0824 127.52 
215.1552 to 220.2458 AS. 0 685.4 77.2 1300.8 | - is 2. 032 Bt. 82 
, f Oo) HW 5 E - 213. 2921 2.0014 120.4 
214.8542 to 221.2065 POO R5U. 6 70.6 1421.0 | 1h, 224 1 8635 146. 63 
213.7353 to 221.5915 2408.3 1058. 4 53.7 1403. 6 16 oe , OB) 1 ao 
| 217 SOT6 0. 7006 1090. 6 
- 10. 7768 3. 1509 20), Sl 
meee rd deviation of t} aa 7 222. SOS .. SSO so 
Standard dé ition oO we Teal s* | Yr eit 4 
Estimated uncertainty t30 ca. CW) S800 143. 31 
* The temperatures given are accurate to +0.01°K Figures beyond the second RUN 2 
decimal are significant only insofar as small temperature differences are con- 
cerned , - 4 ‘ 5 
>Standard deviation of the mean as used here and in table 4 is defined as ae a oa “= on 
{2d?/n(n—1)}*, where d is the difference between a single observation and the O17 (203 0 4490 3 33 
mean, and n is the number of observations O17 144 3913 135, 26 
217, 6818 2135 710, 27 
° ene | 217. 8504 1417 1125.4 
4. Heat Capacity and Heat of Transition 218. 0483 2360 1sAs, I 
219, 2070 2 0775 334.84 
. . 221 O25 1. 55M 142. 39 
Measurements of the heat capacity were made — ; 
from about 17° to 285° K; corrections for curvature | nares 
. ; ° t 
(see eq 1) and vaporization (see eq 2) were applied 
to the observed values wherever significant. The 291. 4889 1.1212 142.48 
equation for the liquid density reported by Burg and | aus. e083 . ae ep 
*‘. ° : ‘ 225. 4610 2 : ) 
Randolph [10], based on their experimental measure- | 230), 2422 5. 0420 144.64 
, : : : ~ 35. QOH a) 53 145.84 
ments, was used in making the vaporization correc- | af . 8770 147.10 
tions. The density equation was extended below its 5. _— tp 
experimental temperature range whenever required, $1. 8530 151.13 
As the corrections become smaller at lower temper- | 
atures (at the highest temperature of the measure- | RUNA 
ments, 285° K, the vaporization correction was 0.15 | 
. . ° . | ‘ mt) 2 1671 5Y, 266 
percent of the net heat capacity), the error in the | po 5 ean? $1 123 
extrapolation is considered to have negligible effect Ys. 6392 1. 8765 63. 660 
. . ‘ . ° ° 104. 0464 4. 5208 H. 449 
on the final observed heat-capacity values given in 108. 81.20 5. O19 6M. 925 
2 : . ; 115. 3404 8.0540 72. 254 
table 3 and figure 1. | topos a oe 
The values given in table 3, although corrected | 130. 7321 7. 3702 o0. 148 
> ° es . . ~~ 137. 40 7. 0936) 83. S26 
for vaporization and curvature wherever significant, | 144. 9421 6, 8626 87. 357 
“stag: 51. 772 1 7973 M). 87 
have not been corrected for premelting in the region | 158 4743 6. 6072 4.374 
just below the triple-point temperature. As men- | 
tioned in section 3, considerable premelting effects RUN 5S 
were observed in the apparently high values of heat 
capacity. In calculating the final smoothed values 160. 7008 ems os e87 
> be °.¢ ° ~. . " e i “7 450 » 45 q ¢ 
of heat capacities given in table 6 of section 7, the 173. 3990 6. 1989 102. 63 
“ur , . . _— . rc : : 7Y. S5LS2 >. OBS4 106. 54 
observed values were first revised by a combination | a. aaa 8 ante 110, 43 
of premelting correction and extrapolation. The | 191. 3747 5. 8702 115. 28 
i ' ° ° ° 106), 508 », 2820 138. 82 
revisions made are believed to be highly inaccurate, 199. 7366 0). 2806 4359. 1 
consequently the uncertainty in the heat capacity | 
of this region may be as high as several percent. RUN 6 
At other regions of temperature, except below about | 
. ‘ . > sc . , . ft 76 2. 9971 113.53 
60° K, the heat capacity is probably accurate to | on onan 5 750 118. 9 
0.2 percent. Below 60° K the probable error in | 198. 4696 2. 6549 379. 6 
: : ° | 199. 8516 0. LOSY 11730 
the values is believed to increase to about 1 percent | 199, 9228 0337 38081 
° : . | QW. 94907 i OOS16 
largely due the smaller temperature interval of heat- | ou. Sas 9° 5273 1155.1 
ing, smaller energy input, and decreased sensitivity | 203. 32006 1. 6672 124. 69 
of the thermometer. 
; : ; y= UN? 
Because of the relatively low heat of fusion and the | " 
. . as . . | 
large premelting effect observed, the solid-solid as Ee aa 
cn. Q ; Qrno 9020 _ a 202. 3303 1. 6582 124, 25 
transition occurring between 195° and 205° K was 204. 8100 3.3011 124. 70 
1} , "ea Pa ; 210. 666 8. 3755 126. 85 
originally thought to arise from the melting of a am oane 3 +-g-4 
eutectic mixture. A close examination of the heat 222. 4840 2. 5551 142. 70 
capacity between 200° K and the triple-point tem- | 
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perature suggested, however, that the discontinuity 
in the heat capacity is probably from a solid-solid 
transition. The transition was found to involve a 
large latent heat. The enthalpy change from 190 
to 205° K was determined, in which two measure- 
ments from runs 6 and 8 (see tables 3 and 7) gave 
9570.4 and 9573.8 abs j mole~', respectively. 
values were obtained by summing the various input 
energies in this temperature range and by correcting 
to the even temperature interval. The results of the 
heat-capacity measurements (see table 3, runs 6 and 
8) suggest that the peak or the transition temperature 
is 199.9 +0.1° K. The latent heat associated with 
the transition was estimated from the enthalpy 
change from 190° to 205° K and the extrapolated heat 


capacity in this region to be 7794 abs j mole 


These 


5. Heat of Vaporization 


The heat-of-vaporization experiments were made 
at 271.60° K (94.3 mm Hg). The experimentally 
determined quantity Y, the energy input per mole of 
sample collected [11], is related to the molal heat of 
vaporization A/7,, by the expression 


_,dp 
L dT 
is the molal volume of the liquid, T the 
absolute temperature of vaporization, and p the 
vapor pressure. The molal volume of the liquid was 
obtained by extrapolating, a few degrees, the density 
equation (0° to 25° C) given by Burg and Randolph 
(10). The temperature derivative of the vapor 
pressure, dp dT, was obtained by differentiating with 
respect to temperature the vapor-pressure equation 
eq 4 The results of the heat-of-vaporization 
measurements and computations are summarized in 
table 4. Considering various known sources of error 
and the precision of the measurements, a probable 
is assigned to the heat of 


AH,=1—T 


where UT 


error of 30 abs j mole 


vaporization, 


zation of \ ~fimethuylaminod horane 


TABLE 4 Ileat of 


The heat of vaporization computed In accordance 
with the Clapevron equation gave 29,900 abs j mole~!, 
which is in fair agreement with the experimental 
value obtained. In the computation the vapor was 
assumed to follow the Berthelot equation of state, 


the constants ( 7. 


36 atm 
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$85° K and p of which 














were estimated according to 7,—2/3T. and the 
method deseribed by Walden [12], respectively. The | 
sources of the dp/dT and the mola! volume of the 
liquid phase were those mentioned in the previous | 
paragraph. | 

6. Vapor Pressure | 


The results of the vapor-pressure measurements, 
made from about 220° to 290°K, can be represented 
by the equation 


106.5734/7 
10° 7 


10°? 7+ 
lo T 


logyo Pmm Hg 5.2095614 
11.63086. 


(4) 


1.01048 L3905SS8 


The constants were determined by the method of 
least squares. In column 4 of table 5 are given the 
deviations of the observed values from the calculated 
values based on this equation. There are also given 
in this table the vapor-pressure results obtainable 
from the equation 

1727.64/7T+-1L.75logy, T 


le ro Pmm He 


ied 


0.004661 7+ 5.3370. (5) 


reported by Burg and Randolph [10] based on their 
experimental results from about 36° to 50° © 
Attempts were made to carry out vapor-pressure 
measurements at higher temperatures in an isoteni- 
scope. However, it was found that even at 300°K 
the vapor pressure increased, presumably due to de- 
composition, over an extended time in the isoteni- | 
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scope. 


TABLE 6 


The average increase over several days was 
about 0.01 mm Hg per hour at this temperature. 
Consequently, the results with the isoteniscope have 
not been considered in this paper. 


7. Derived Thermal Properties 


Empirical equations were fitted to the observed 
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tions were plotted on a large seale. The heat 
capacities given in table 6 at equally spaced integral 
temperatures were obtained by the combination of 
the approximate empirical equations and the large 
scale deviation curves. The heat-capacity values 
of table 6 below 17° K were obtained by extrapola- 
tion using a Debye function fitted to experimental 
values between 17° and 30° K. 

The enthalpy, entropy, and Gibbs free energy 
values were obtained by evaluating, respectively, 
the thermodynamic relations 


— 
[Cored M+ AHA [vip IT) ara AT, 
; 
a  « "ca dT/T +B oe|T e+ SH T vo 
and | 
(Fr— Hor) sara 
— ("(Sp—Soon)earnd T+ (VT) ora dT 


(S) 


In these expressions A//,, is the heat of transition, 
T,, the temperature of transition, and U the molal 
volume of the condensed phase. Other symbols 
have the usual or previously defined significance. 
~The equations were evaluated, except between 
190° and 220° K, by numerical integration using 
four-point Lagrangian integration coefficients {3}. 
Between 190° and 220° K, the enthalpy change was 
obtained by summing the experimental input energies 
in runs that were made continuously through either 
or both of the two first-order transitions. This 
procedure was particularly necessary for evaluating 
the enthalpy change in the temperature region that 
included the triple-point temperature. As men- 
tioned in section 3, the premelting corrections were 
highly uncertain and, although the measurements 
of the total energy involved were precise, the energy 
distribution between melting and heat capacity 
may be inaccurate. In the interval from 190 
205° K, as given in table 7, the enthalpy changes for 
runs 6 and 8 were 9570.4 and 9573.8 abs j mole~', 
respectively. From 210° to 220° K, which includes 
the triple-point temperature, runs 1, 7, and 8 gave 
2656.1, 2657.7, and 2660.3 abs j mole™', respectively, 
for the enthalpy change. In run 8, the heat- 
capacity experiments were made continuously from 
IS8.1789° to 221.5915° K, which gave 12861.9 abs 
j mole: for the enthalpy change in the interval 
190° to 220° K. Upon taking 9570.4 and 2656.1 abs j 
mole te which have been obtained under optimum 


to 





experimental conditions, for the enthalpy changes 
for the intervals 190° to 205° K and 210° to 220° K, 
respectively, the enthalpy change for the interval 
205° to 210° K becomes 635.4 abs j mole '. 


TABLE 7. Molal enthalpy and « ntropy change of N-dimethyl- 
aminodiborane over various temperature intervals 


Molecular weight =70.756, °K C +273.16 
Pemperature 
s 
Run interval All A 
K ahs j mole ahs ) deq~' mole 

t) 190 to 205 G4AT0. 4 17. 923 
s 190 to 205 GSTS. 8 iS. 154 
| 210 to 220 2656. 1 12. 263 
ry 210 to 220 2057. 7 12. 274 
s 210 to 22 2H 3S 12. 207 
s 140 to 220 12861. 0 

s 205 to 210 H35. 4 3. O82 


The entropy changes for the corresponding tem- 
perature intervals (see table 7) were obtained by 
summing the various A///7,,’s, where 7, is the mean 
temperature of the heating interval. In the interval 
190° to 205° K, runs 6 and 8 gave 47.923 and 48.154 
abs j deg™' mole~', respectively. As A//7 and corre- 
spondingly the A7’ were smaller in run 6, the entropy 
change of this run was used in constructing table 6. 
For the interval 205° to 210° K, the entropy change 
was obtained by merely dividing the enthalpy change 
(635.4 abs } mole~') bs the mean temperature 
(207.5°K). For the interval 210° to 220°K, runs 1, 
7, and 8 gave 12.263, 12.274, and 12.297 abs j deg 


mole~', respectively. The value 12.263 abs j deg 
mole”! of run 1 was selected for constructing the table. 


The entropy of N-dimethylaminodiborane in the 
ideal gas state at 1 atm and 271.60°K was evaluated 
from the data, and the computations are summarized 
intable 8S. To make the gas-imperfection correction, 
the .V-dimethylaminodiborane vapor was assumed 
to follow the Berthelot equation of state. The un- 
certainty of +0.6 abs j deg™' mole~! given for the 
entropy in the ideal-gas state was obtained by statis- 
tically combining the estimated uncertainties in the 
entropy of liquid .V-dimethylaminodiborane — at 
271.60°K and in the entropy of vaporization. The 
uncertainty in the gas-imperfection correction was 
assumed negligible. 


TABLE 8 Summary of the experimental molal entropy caleu- 
lated for N-dimethylaminodiborane 
Molecular weight =70.756, °K C +273.16 
tha j dea mole 
Siso, Debye Lu 
ASis , solid 112.4 
ASiv o, solid and liquid, including transitions 3. 3 
AS» , liquid 31.2 
S of the liquid at 271.60° K 208. 740. 6 


AS, vaporization, 30,119 271.60 
AS, gas imperfection 01 
AS, compression to 1 atm, FP In (94.3/760 17 


S ideal gas at 1 atm and 271.60° K 
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Phase Equilibrium Relations in the Systems Titania-Niobia 
and Zirconia-Niobia 


R. S. Roth and L. W. Coughanour 


The systems TiQ.-Nb.O; and ZrO.-Nb.Os were studied by means of solid-state reactions 


and by 


tially 


unit cell parameters when quenched from 1,550 
Solid-solution formation was observed in both systems 


is presented for each system. 


1. Introduction 


A study of phase relationships in the systems 
Ti0O.-Nb.O; and ZrO.-Nb.O; has been conducted as 
a part of a program of fundamental studies of ceramic 
dielectrics.’ Some data for these systems have been 
reported by Durbin and Harman [1]? and Durbin, 
Wagner, and Harman [2], although no phase dia- 
grams were presented for either system. 

X-ray diffraction data, together with the deter- 
mination of the melting points of the compounds 
and of the solidus and liquidus temperatures at 
various compositions across the two systems, have 
supplied data from which equilibrium diagrams 
have been constructed. The phase equilibrium 
studies were of a preliminary nature, in an attempt 
to locate ceramic bodies of improved dielectric 
properties; consequently the conclusions should only 
be considered as tentative. 


2. Sample Preparation and Test Methods 


The following starting materials were used in the 
preparation of samples: 

ZrO, Dense ZrO., nominal 99 percent purity, 
obtained from the Titanium Alloy Manufacturing 
Co. 

TiO, Highly purified titania, over 99.9 percent, 
obtained from the Titanium Division of the National 
Lead Co. 

Nb,O;— High-purity grade niobia, over 99.7 per- 
cent, obtained from the Fansteel Metallurgical 
Corp. The major impurity consisted of Ta,Qs. 

Calculations of weight composition were made to 
+0.01 percent, no correction being made for the 
percentage purity of the raw materials. 

The starting materials, in sufficient quantities to 
give a 10-¢ sample, were weighed to the nearest 
milligram. They were then mixed together with a 
binder of a 5-percent soluble-starch solution, and 
formed into 1-in.-diam disks at a pressure of 5,000 


—— 


This study was sponsored by the Office of Ordnance Research, Department 
of the Army 
2 Figures in brackets indicate literature references at the end of this paper. 


vy observation of fusion characteristics. 
TiOs3Nb.05, were found to exist in the TiQ.-Nb.O; system. 
was found to exist in the ZrO -Nb.O; system. 
isostructural with ZrO,-TiO, and has orthorhombic symmetry with the following 


| Ib/in. 


Two binary compounds, TiO :Nb.O; and 
One compound, 6ZrO,- Nb2Os, 
This compound has been found to be essen- 


4.964 A, b=5.120 A, c=5.289 A. 
A probable equilibrium diagram 


C: @ 


The pressed disks were fired for 4 hr at 
1,100° C on platinum foil in an air atmosphere, 
using an electrically-heated furnace wound with 
80 percent Pt-20 percent Rh wire. 

Following the preliminary heat treatment, the 
disks were ground, remixed with starch-solution 
binder, and new disks about \ in. high were formed 
at 15,000 Ib/in2 in a %-in.-diam mold. Some of 
these disks were used for X-ray and petrographic 
studies, while others were used for the study of 
solidus and liquidus determinations. Those speci- 
mens selected for the X-ray study were refired at a 
temperature varying from 1,350° to 1,550° C for a 
time period of from 4 to 24 hr, in order to insure 
equilibrium conditions. X-ray powder diffraction 
patterns were made using a high-angle recording 
spectrometer and CuKea radiation. 

Specimens for solidus and liquidus determinations 
were ground in the form of small four-sided pyramids, 


| grooved on each side, as described by Geller, et al. [3]. 


Tests at temperatures below 1,525° were made in the 
electrically heated furnace, using a Pt versus 90 
Pt-10 Rh thermocouple for temperature measure- 
ments. The tests at temperatures above 1,525° were 
conducted in a thoria-resistor type furnace |4, 5}. 
The specimens rested on a disk of a platinum- 
rhodium alloy, which was on a support of ThO,. 
The heating rate during the tests was about 4 deg 
C/min until the solidus temperature was approached, 
at which point it was reduced to about 2 deg C/min, 
or An oxidizing atmosphere existed in the 
furnace at all times. The temperature and fusion 
characteristics of the specimens were observed with 
an optical pyrometer calibrated by the Pyrometry 
Section of the Bureau. The solidus temperature 
was recorded as the first sign of liquid formation, as 
observed by rounding of the corners of the test 
pyramid. ‘The temperature of complete melting, as 
observed by the formation of a flat button, was 
recorded as the liquidus temperature. In every case, 
several tests had to be made to determine these two 
values. The solidus and liquidus temperatures were 
arrived at by observations through the optical pyrom- 
eterand by visual inspection of the cooled specimen. 


less. 
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The method of determination of such temperatures 
is subject to a number of sources of error. Among 
these are the slight deviations from blackbody con- 
ditions, the introduction of small quantities of im- 
purities into the specimens in the forming and 
grinding operations, the possibility of reduction of 
TiO, and Nb,O,; at high temperatures, and the in- 
herent difficulty in the visual determination of the 
solidus and liquidus temperatures. It is believed 
that the temperatures as recorded are accurate to 


-1TO° C, 
3. The TiO.-Nb.O, System 


Brauer [6] reported three polymorphic forms of 
Nb,O,;. The H-form, or high-temperature form, was 
reported as stable at temperatures above 1,200° to 
1,.250° CC. In this study wherever free Nb,O; was 
found, the high-temperature form was the one ob- 
served in the heated specimens, although the low- 


| 


Durbin and Harman [1] reported some fusion data 
for the system TiO,.-Nb.O;. All of the compositions 
between 1:4 and 4:1 were shown to begin melting 
between 1,440° and 1,500° C. One compound, 
TiO,-Nb.O;, was observed. Durbin, Wagner, and 
Harman [2] reported that X-ray examination showed 
TiO,:Nb,.O, to be a compound while 2TiO,: Nb.O, 
Was a mixture containing rutile. 

Petrographic analyses in the present study were 
not relied upon, as all of the phases containing at 
least 50 percent Nb.O; appeared very similar under 
the microscope. However, X-ray analyses suc- 
ceeded in differentiating two compounds in_ the 
system TiO,-Nb,O;. Figure 1 is a graphical repre- 
sentation of the X-ray diagrams for values of 26 be- 
tween 16° and 49° for compositions of the following 
molecular ratios: Nb.O,, TiO, :9Nb.O;, TiQ.:4Nb.0., 
TiO, :3Nb.0,, TiO,:2Nb.0,, 2TIO.:3Nb.0., and 
Ti0,.: Nb.O0,. These compositions were heated at 
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Figure 1. Graphical representation of the X-ray powder diffraction patterns for the compositions NboOs, TiQ.:9Nb.Os, TiO: 


4Nb,0s, TiO,:3Nb,Os, TiO,:2Nb,Os5, 2TiO.:3Nb,05, and TiO.:Nb.Os from 16 


Interference maxima for Nb)Os are shown as dotted lines, for TiO»)-3N byOs as solid lines, and for TiQ»-NbeOs as dashed lines 
TiIOe NbeOs, TIOe3N boOs and NboOs are compounds while the others are mixtures of the conjugate phases 
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20 to 49° 20. 


Relative intensity is represented by the 





in air. Although there are many overlapping lines 
in the diffraction pattern, it can be seen that 
TiO,:3Nb.0; and TiO,:Nb,O,; are probably pure 
compounds, while the other diagrams are mixtures 
of the two conjugate phases. The X-ray diffraction 
data for TiO,-Nb.O,; and TiO,-3NbO,; are given in 
tables 1 and 2. It is possible that the compound 
designated TiO,-3Nb,.0; may actually be interme- 
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TiO,:2Nb,0;; however, the simple ratio of 1:3 is 
taken the most logical composition for this 
compound. 

The fusion-behavior data from which the equi- 
librium diagram is constructed are given in table 3, 
and the diagram is shown in figure 2. It may be 
seen that the compound TiO,-Nb.O; melts congru- 
ently at about 1,490° C and the compound TiQ,- 
3Nb,.0; melts congruently at about 1,480 °C. At 
the eutectic temperature, 1,467° C and 21 mole per- 
cent TiQ,, 12 to 13 mole percent TiO, is accepted 
into solid solution by Nb.O.. At the eutectic tem- 
perature, 1,475° C and 58 mole percent TiQ,, about 
17 mole percent Nb,O; is found in solid solution in 
TiO,. Both of the solid solutions decrease to slightly 
less than 10 percent at room temperature. The 


as 


the 


characteristics of 


Til ),- NboOs system 


PARLE 3 Fusion com positions mn 


Composition mok Pemperature 


percem observed X-ray examination of quenched 
sumples * 
rio NO Solidus Liquidus 
( ( 
us 17s0 1, Sow) 
ww 1 1510 
s5. 71 M2 1, 440 
sv) 20) 1, 475 PiOeNbOs+TiO:s solid solu 
tion 
? 2 1, 475 Do 
“7 33 1,475 1, 500 Do 
mw) Th) 1, 470 1. 480 
“) “ 1. 400 1. 490 PiQe Nhe 
Hi) “wo 1, 465 1,470 PiQe3N beOs+ TIOe NO 
$3 “7 1, 465 1,475 Do 
2 75 1, 480 1, 480 PiOe3NbeO 
20 st) 1, 405 1, 470 NiO solid = solution+TiO 
3NhO 
16. 67 83. 33 1,47 
14.29 SS. 71 
tp ”) 1,475 1, 485 NhO solid = solution+ TiO 
INO 
Qs 1. 485 1. 405 
0 1 1, 500 1, 4M) NhoO 


Specimens for X-ray analyses were quenched, but compounds found may not 
have been those present at quenching temperature 
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itectic between the two binary compounds occurs | TasLe 5. X-ray powder diffraction data for the compound 
ihout 38 mole percent TiO, and 1,465° C. Neither 6ZrOz Nb2Os, quenched from 1,550° ( 
of the two binary compeunds shows solid solution. CukKa: radiation) 
4. The ZrO.-Nb.O, System . wo Be ’ ” waked 
Durbin and Harman [1] reported some fusion data + 100 , 1 138 9 
for the system ZrO,-Nb,O;. Compositions high in oo a m. co. : 
Nb.O,; were reported as melting between about 1,400 2. 6 O02 17 1. 00s 3 
and 1,450° C while mixtures higher in ZrO, melted | _— _ ” o— 
between 1,450° and 1,550° C. Durbin, Wagner, and = - r to : 
Harman [2] found solid solution of ZrO, in Nb,O,. | 2 31 021 2 1. 034 3 
These authors claimed that X-ray diffraction showed | Si 1 ; on : 
that cubie ZrO, was stabilized, indicating solid solu- | baile . ‘ ait : 
tion of Nb,O, in ZrO,. They report no compounds in 2. 020 211 3 isk 3 
this system. | 1 800 202 21 o197 1 
In the present study, X-ray analyses have indi- | 1. 782 220 8 8014 7 
cated the presence of a new compound, 6ZrOQ,-Nb.O,, 1. 706 212 10 S7N3 2 
in the system ZrO,-Nb,O;. The X-ray pattern is 38 13 9 ty ; 
very simular, both in d values and relative intensities, | oo ba - ened : 
to that of the compound ZrO,-TiO, [7]. The simi- : . 
larity between the compounds becomes apparent if | t a8 os 7 sep : 
the composition of the compound 6ZrQ,-Nb,O, is | > = : = : 
written as) Zry(Nb.,Zr,JO,O and compared with | 1. 32) 004 2 $195 5 
tZrTiO, or ZrsTYO yy. It seems possible that the | 1 281 oso14 ; 8122 , 
structural arrangement of this compound may be + w0 : sere 2 
capable of accommodating an additional one-fourth 1. 191 ti 70s 2 
of an oxygen ion per formula unit. Because of the | “ace F —_ a 
similarity of Nb,O; and Ta,O;, a specimen of 6ZrO.- | a 208 3 rene . | 
Ta,O,; was prepared and studied by X-ray diffraction. | 1. 153 3 7810 3 
This composition proved to be isostructural with 
6Zr¢ ).-N bf ). and Zrt ».-Til ). All three compounds ® KR. I. is the intensity of each diffraction peak relative to the strongest peak, 
are orthorhombic with unit cell parameters as shown | 
in table 4. The X-ray powder diagram for the 
compound 6ZrO,-N b,O; is given in table 5. Another | , 
possible interpretation of the structure occurring. | ; 
at the composition 6ZrO,-Nb,O,; is that of a solid | 
solution of ZrO.. This would be similar to the case |” 
of the cubie ZrO, solid solutions in the systems | 
involving ZrO, and oxides of divalent ions like CaO, | |™ 
MgO, MnO, and TiO. However, the identity of | 
ZrO,-TiO, as a compound seems to be fully estab- | + 
lished [7,8]. The similarity of the structures of the | ; ; 
two compositions justifies the assumption of 6ZrO,- |: 
Nb,O,; as a true compound. Apparently the cubic | § ¢ 
ZrO, solid solution reported by Durbin, et al. [2] in | Z: 7% 
this system was actually the compound 6ZrQ,-Nb.Os. | é a) og? 
Their interpretation may be explained by the fact | * \6s , 
that the strongest diffraction lines for the compound 
are close to what would be expected for a cubic 6 . ° ‘ 
ZrQ, solid solution. = 
The equilibrium diagram for the ZrO.-Nb,O, " ' 4 
system, as determined from the present study, is 6 2r0,-,0 3 
shown in figure 3 and the fusion-behavior data from | _, L.  LQuio ¢ ‘ 
sh“ lee , é 
TABLE 4 ’ hag Song a i the isostructural one ial i -? Ne - s > 
LrO» TiOe, 6ZrOy-Nb2Os, and 6ZrO»-Ta,Os | nb, 0, 8.8 \ — - means 4 
Compound ZrO» TiO: 6ZrOe NO 6ZrOy TaO <0C 2 x 3 c e a 
Nb205 COMPOSITION , MOL % 
1 1 i | 
a 1. 802 1. O64 1. 961 | Figure 3. Suggested equilibrium diagram for the system 
: - = : a 5 = | ZrO.-Nb.Os,. 
i (s. s.=solid solution 











which the diagram was constructed are listed in 
table 6. It is seen that the compound 6ZrO,-Nb,O, 
melts incongruently at about 1,670° C. The eutectic 
point for the system is located at about 25 mole 
percent ZrO, and 1,435° C. Rather extensive solid- 
solution formation is noted at the higher tempera- 
tures. Nb,O; accepts about 16 percent ZrO. into 
solid solution at the eutectic temperature, and there 
is considerable solid solution between the 6ZrO,-Nb.O; 
compound and Nb.O;. This solid solution is ap- 
parently not maintained by quenching, as X-ray 
patterns of compositions within this field show two 
phases. ZrO, apparently also accepts a small amount 
of Nb.O, in solid solution at the higher temperatures, 
but loses most of it on cooling. 


TABLE 6 Fusion characteristics of compositions in the 
ZrOs—-NboOs system 


Composition mol Pemperature 
percens observed X-ray examination of quenched 
samples ® 
ZrO, NhoO Solidus Liquidus 
( ( 
U5 1S 
wo 10 1, 725 6ZrOeNbeO5+monoclinic ZrO, 
&7. 50 12.50 1, 675 Do 
S45. 71 14.29 1. 670 6ZrOoNbeO 
83. 33 16. 67 1, 650 6ZrO2-NbeOs solid solution 
st wa 1, 62. 
7 2 100 
67 $3 1, 550 NheOs solid solution+6ZrO, 
N beOs solid solution 
“mH ") 1, 400) 1, 670 
v1) “ 1. 440 1. 600 NbeOs solid solution+6ZrO:; 


NbeoOs solid solution 





1) tH) = 

33 67 1, 435 1, 480 NimOs solid solution+6ZrO¢ 
N beOs solid solution, 

25 70 1, 435 1, 440 

w»w sO 1, 435 1, 450 NhOs solid solution+6ZrOy, 
N beOs solid solution 

16. 67 83. 33 1, 435 1, 460 

14. 29 85. 71 1, 445 1, 465 

10 ot) 1, 455 1,475 

5, 95 1,475 1, 490 


} 
* Specimens for X-ray analyses were quenched but compounds found may not | 
have been those present at quenching temperature 


5. Sum .ary 


The systems TiO.-Nb.O,; and ZrQ,-Nb.O, were 
studied by means of solid-state reactions, fusion 
characteristics and X-ray diffraction data. The 
probable existence of two compounds in the TiQ,- 
Nb.O; system was shown. They are TiQ,-Nb,O, 
which melts congruently at about 1,490° C. and 
TiO,-3Nb.0; which melts congruently at about 1,480° 
C. The three eutectic points are located as follows: 
21 mole percent TiO, and 1,467° C., about 38 mole 
percent TiO, and 1,465° C, and about 58 mole per- 
cent TiO, and 1,475° C. Partial solid-solution for- 
mation was noted in this system. 

One compound, 6ZrOQ,-Nb.0;, was found to occur 
in the ZrO.-Nb.O, system. The compound is essen- 
tially isostructural with ZrO,-TiO, and melts incon- 
gruently at about 1,670° C. The eutectic point for 
the system was located at about 25 mole percent 
ZrO, and 1,435° C. Extensive solid-solution forma- 
tion was noted. 
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Synthesis of a Fluoro Talc and Attempted Synthesis of 
Fluoro Chrysotile and Fluoro Anthophyllite 


Alvin Van Valkenburg, Jr. 


\s part of a general study of the substitution of fluorine for hydroxyl in silicate strue- 
tures, it was found that fluorine would partially substitute for hydroxyl in the tale structure 


As a result of this substitution it was observed that the > 
by 0.01 and the temperature of thermal decomposition was raised about 180° C. 
to convert a fluoro tale to a fluoro anthophyllite hydrothermally were not successful. 


index of refraction was lowered 
Attempts 
\lso 


fluorine substitution for hyvdroxvl in chrysotile was not achieved hydrothermally. 


1. Introduction 


As part of a general study of the substitution of 
fluorine for hydroxyl in silicate structures, it) was 
observed that tale (8MgO-4S8i0.-H.O) readily formed 
asa reaction product while attempting to S\ nthesize 
a chrysotile (8MgO-2SiO,-2H.O) containing fluorine. 
In those chrysotile experiments in which fluorine 
was absent from the batch ingredients only an 
occasional tale grain was detected in the reaction 
products and this suggested that fluorine might be 
aiding the formation of tale, possibly substituting 
for a hydroxyl. A review of the literature indicated 
that fluorine had never been reported in tale in 
significant amounts and most chemical analyses 
omit fluorine determinations entirely. In one refer- 
ence [1] * tale was found closely associated with a 
fluorine bearing hydroxyapatite, 3Ca;P,0.-Ca (OH. 
F),. However, the chemical analysis showed only 
trace amounts of fluorine present and the authors 
concluded that hydroxyapatite had a greater affinity 
for fluorine than did tale. 

The tale hydroxyl is structurally similar to the 
hvdroxyl of the phlogopite micas, K.Mg,SigALOn 
KF) OH), Both hydroxyls are located between 
lavered sheets of SiO, groups and both are bonded 
to magnesium ions. The two minerals liberate their 
hydroxyls at temperatures of 800 to 900° C at 1 atm 
which indicates that the hydroxyl bonding energies 
are similar. Since the hydroxyls of the phlogopite 
micas can be substituted entirely by fluorine [2] it 





steel and its alloys. In the Tuttle apparatus the 
batch ingredients were sealed in a platinum evlinder. 
Distilled water was added to the bombs and _plati- 
num evlinders in excess of that needed to satisfy the 
tale hydroxyl requirements. Batch samples were 
prepared by thoroughly grinding together the in- 
gredients in a mechanical mortar to insure good mix- 
ing and to increase the reactivity of the ingredients 
by increasing the surface area. Calculated amounts 
of fluorine were added to the bateh in the form of 
Mek, to give varying ratios of F:OH. The reaction 
products were examined by microscopic, X-ray, and 
differential thermal analysis techniques, and the 
data were compared with those of natural tales. 
Careful examinations were made of the reaction 
products to detect the presence of MgF, as its 
presence in any appreciable amount would indicate 
that fluorine failed to enter the tale structure. 
Me F, has extremely low indices of refraction and 
can readily be detected microscopically in the pres- 
ence of tale. The MegF, introduced into the raw 
batches had grains of irregular and indistinet out- 
line. In comparison the MgF, observed in’ the 
reaction products of some experiments were well 
formed needles indicating they were formed as 
products of reerystallization. This eliminated the 


doubt that Mek, observed in reaction products 
might have resulted from incomplete reaction. 


Table 1 gives a list of experiments and their reaction 
products. 
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bie KR} | } luoro fale grains showing matted fihers in aggreqale 


form. 


Crossed nicols, magnification, X 600 


Tale was the major phase observed in all the ex- 
periments prepared in the temperature range from 
400° to 800° C and at 16,000 to 20,000 psi. Two 
general forms of tale were observed, one showing a 
matted fibrous aggregate in which the fibers appeared 
to be randomly oriented (fig. 1) and the second show- 
ing tale grains with fibers in parallel orientation 
(fig. 2). In both cases the fibers were extremely 
fine grained and it was difficult to obtain cood optical 
data. 

The refractive indices for pure synthetic hydroxyl- 
talc are approximately y=1.570 and a=1.540 which 
correspond to the observations of Yoder 16]. In 
comparison, the indices of the tales containing the 
maximum fluorine content (experiments in) which 
F:OH was 1:1 or greater) were approximately 
y=—1.560 and a=1.540. As fluorine was substituted 
for hydroxyl there was a corresponding decrease in 
the y indices of refraction. This lowering of the 4 
index indicates that fluorine is entering the tale 
structure. Previously, investigators |7] have estab- 
lished the fact that when fluorine substitutes for 
hvdroxyl there is a lowering of the refractive indices 
and the amount of lowering is proportional to the 
fluorine present. 

In those experiments where the calculated ratio of 
F:OH was 1:1 or less, the major phase was a fluoro 
tale with an occasional grain of quartz or MeF, 
present. However, when the ratio became greater 
than 1:1, MgF, was readily observed under the 
microscope in appreciable quantities. This would 
indicate that fluorine may be substituted for hydroxy! 
up to 50 mol percent. 

The X-ray powder patterns of the synthetic fluoro 
tales were identical to those of synthetic tales without 
fluorine. Unfortunately the powder patterns of the 
synthetic tales do not give sharp, clear reflections. 





Figure 2 Fluoro tale grain with fibers in parallel orientation 


Crossed nicols, magnification, X 600 


The diffracted beams are broad and diffuse, charac- 
terizing poorly crystallized material. 

Differential thermal/analysis studies were made on 
the fluoro tales, and the results were compared to a 
synthetic tale without fluorine and to natural tales. 
The apparatus used in these studies is similar to that 
used in other laboratories. A heating and cooling 
rate of about 12 deg/min was employed. Curve 1 
(fig. 3) contains a typical endothermic reaction peak 
of a natural tale and it corresponds to the differential 
thermal analysis curves obtained by Pask and 
Warner [8]. The endothermic reaction peak at 
970° C denotes the loss of hydroxyl in the tale. In 
comparison curve 2 is a typical differential thermal 
curve for a synthetic tale without fluorine. The 
general slopes of the two curves are essentially the 
same. However, their maximum endothermic peaks 
do not occur at the same temperature and it. ts 
believed that the thermal difference may be attrib- 
uted to a difference in particle size of the two samples. 
The synthetic tale has extremely fine thread-like 
masses aggregated into grains and in comparison the 
natural tales were artificially ground into a powder 
consisting of platy grains of uniform crystallinity. 
Curve 3 represents a differential thermal analysis 
of a synthetic fluoro tale in which the ratio of F:OH 
was calculated to be 1:1. The endothermic peak at 
100° C is believed to be the result of interstitial or 
surface water escaping from the undried sample just 
removed from the hydrothermal bomb. The endo- 
thermic double peak with maximum intensities at 
1,070° and 1,085° C probably represent reactions in 
which hydroxyl and possibly fluorine were released. 
The exothermic peak at 1,230° C may indicate a 
recrystallization phenomenon in- which MegF,, 
cristobalite and enstatite are forming. The endo- 
thermic peaks occurring at 1,250° and 1,290° C are 
similar to the endothermic peaks of curve 4 which 
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FIGURE 3. Differential thermal curves. 





1, Typical natural tale; 2, synthetic tale without fluorine; 3, synthetic tale with 
Ig 


fluorine; 4, sellaite 


represent a differential thermal curve for MgF,. It 
is believed that these peaks represent the breakdown 
of Mek. with the release of fluorine. A comparison 
of the endothermic peaks of curves 2 and 3 shows that 
the fluoro tale has a higher thermal stability than 
its hvdroxvl analogue. Furthermore, — the 
exothermic peak of curve 3 occurring at 1,230° C is 
lacking in curve 2, indicating that the presence of 
fluorine alters the course of reaction in the tales. 
Bowen and Tuttle [3] have shown that a synthetic 
anthophyllite 7MgO-SSiO,-H.O can be synthesized by 
heating a synthetic tale to 800° C with a hydrostatic 
pressure of 16,000 psi for a period of 1 hr. Longer 
heatings result in the breakdown of anthophyllite 
into enstatite and cristobalite. This was confirmed 
in the present investigation. Attempts to convert a 


does 








fluoro tale into a fluoro anthophyllite were unsuc- 
cessful. Samples of fluoro tale were treated |hydro- 
thermally for 1 hr and 5% hr at 800° C and 16,000 
psi. The tale did not appear to have changed in 
either case as the X-ray and optical data were 
identical to those of the untreated material. 

As stated in the beginning of this paper attempts 
were made to synthesize a fluoro chrysotile by a 
process essentially the same as that described for 
synthetic tale. Stoichiometric proportions of MgO 
and SiO, were sealed in a platinum container with 
water in excess of that required for formula propor- 
tions and a pressure of 16,000 psi and a temperature 
of 400° C were employed. These conditions are 
within the stability range for synthetic tale [3]. The 
chrysotile observed under the microscope consisted 
of irregular masses having low birefringence and a 
mean index of refraction of these masses was about 
1.540. When fluorine in the form of MgF, was 
added = stoichiometrically to the chrysotile batch 
there was no apparent lowering of the mean refrac- 
tive index of the resulting chrysotile. Also the X-ray 
powder pattern of the chrysotile did not change. 
These two observations indicates that the hydroxyl 
in chrysotile does not favor substitution by fluorine. 


The author gratefully acknowledges the assistance 
rendered by G. F. Rynders, R. G. Pike, and others 
who contributed their time to the project. 
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Determination of Natural Rubber in GR-S—Natural 
Rubber Vulcanizates by Infrared Spectroscopy 


Max Tryon, Emanuel Horowitz, and John Mandel 


\ rapid method for the estimation of natural rubber in vuleanizates of 
natural rubber by means of infrared spectroscopy is reported. 


GR-S and 
Samples were carefully pre- 


pared to contain Known amounts of natural and GR-S rubber; the samples were vulcanized, 


extracted with acetone, and dried in a 


pyrolyzed in a combustion furnace at 550° C 


infrared absorption spectroscopy. 
band intensities at 


vacuum oven 
and the liquid pyrolyzates were analyzed by 
An empirical relationship was developed in which the 
11.02 and 11.25 microns were related to natural rubber content. 


Specimens from each sample were 


The 


experimental error of the method is characterized by a standard deviation of a single deter- 
mination of 0.023, which represents approximately 3-perecent natural rubber. 


1. Introduction 


Rubber chemists have long been aware of the 
limitations of current methods for the quantitative 
determination of rubber content of vuleanizates. 
For natural rubber, the direct method of analysis 
[i] ' involves digestion of the sample with chromic 
acid, distillation of the acetic acid formed during 
oxidation, and titration of the distillate with stand- 
ardized sodium hydroxide. This method requires 


considerable time and a large correction factor. In 
addition, unreliable results are often obtained for 
mixtures of natural and synthetic rubber. In the 


indirect method [2], all the constituents other than 
rubber hydrocarbon are determined, and the rubber 
content is calculated by difference. The procedures 
in this method are long and tedious, and the value 
obtained for rubber content reflects the cumulative 
error involved in the separate analvses for the non- 
rubber constituents.  Svnthetic rubber, whether 
alone or mixed with natural rubber, is not differ- 
entiated as such, but is merely determined as rubber 
hydrocarbon. 

Burchfield [3] reported a qualitative method of 
analysis for natural and svnothetic rubber in which 
the rubber vuleanizate is pyvrolyzed, and the volatile 
products are collected in an indicating solution. The 
polymer type is then identified by the change in 
color of the solution. A superior method for the 
identification of natural and synthetic rubber was 
reported by Harms [4], in which the rubber is 
pyvrolyzed in a test tube with a Bunsen burner and 
a portion of the decomposition products is analyzed 
by infrared spectroscopy. Bentley and Rappaport [5] 
applied a modification of Harms’ method to the semi- 
quantitative determination of nitrile rubber (Buna 
N) in mixtures with a phenolic resin. 

The work deseribed in this paper was undertaken in 
order to develop a rapid and reliable method for the 
quantitative estimation of natural and synthetic 
rubber in vuleanized rubber compounds. It was 
found in this work that most of the spectral absorp- 
tion bands of pyrolysis products obtained from 


Figures in brackets indicate the literature references at the end of this paper 
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vulcanized samples of natural rubber, GR-S*, and 
mixtures of these two polymers, are reproducible 
both in the wavelength of peak absorption and in 
relative intensity. Hence, the pyrolyzate lends itself 
to quantitative analysis for the original polymer. 

In agreement with Harms [4], it was observed, 
early in this work, that the pyrolysis products of 
natural rubber showed a strong, distinct absorption 
band at 11.25 uw, while the products from GR-S 
showed a similar strong absorption band at 11.02 x. 
The relative intensities of these two bands varied as 
the relative concentrations of the two rubbers were 
varied, in mixtures of the two materials. As these 
two bands are characteristic of the two polymers in 
question, and are adjacent to one another, allowing 
simple base line corrections and ratio measurements, 
the possibility of using the relative intensities of these 
bands as a measure of the natural rubber content was 
investigated. No attempt was made in this work to 
define the structures responsible for these bands. 
It was noted, however, that the band at 11.02 u ts 
also found in polybutadiene pyrolysis products. — In 
qualitative analysis for GR-S, bands other than the 
11.02 uw band are necessary to distinguish the material 
from polybutadiene, These bands in GR-S, 
noted by Harms, are found at 6.22, 6.66, and 14.34 u. 


2. Method 


Six samples of natural rubber, GR oS, and mixtures 
of these two polymers were prepared, according to the 
recipe given in table 1, using 100, SO, 60, 40, 20, 
and O percent of natural rubber. They were vulean- 
ized at 140° C for one hr. The individual samples 
were then separately milled) and = extracted with 
acetone for 24 hr to remove soluble nonrubber con- 
stituents that might complicate the infrared spectra, 
The rubber samples were dried in a vacuum oven at 
50° C for 2 hr to remove the solvent, and the samples 
were stored in an airtight container, The milling, 


is 


GE-S is asynthetic rubber made by copolymerizing butadiene and styrene in 
the approximate proportion of 77 to 23 percent by weight, respectively, The 
GR-S sample used in this work contained 22.9 percent bound styrene It is 
estimated, from work with similar mixtures of natural rubber and polybutadiene, 
that variations in the styrene content of GR-S of as much as 1-percent bound 
styrene in the polymer will not affect the calculated natural rubber content in a 
mixture by more than +0.3-percent natural rubber 








TABLE 1. Vuleanization recipe 
Parts by 
weight 
lotal polymer 100 
NBS standard channel black i) 
Zine oxide 5 
Sulfur 2 
Stearic acid 2 
Altax (benzothiazy! disulfice 15 
lotal compound 151.0 


extraction, and vacuum drying are necessary steps 
in both of the usual chemical procedures [1, 2]. 

Four 0.5-gram specimens of each of the six rubber 
samples were weighed in 16150-mm test tubes. 
The order of test of the specimens was according to 
a statistical design, that is discussed below in greater 
detail. Each specimen was pyrolyzed in a modified 
combustion tube furnace, figure 1, that was main- 
tained at 550° C, and the liquid distillate was col- 
lected in a micro test tube. In a_ preliminary 
study, the temperature was varied between 400° 
and 550° C, and only a small effect on the analytical 
results was noted. 

A portion of the pyrolyzate was placed between 
two sodium chloride windows, using a lead spacer 
0.025 mm thick. The infrared spectrum was ob- 
tained for each of the pyrolyzates in the 10.0 to 
12.0 uw region, using a Perkin-Elmer, model 21 
recording spectrophotometer with sodium chloride 
optics. 

Typical spectra for the pyrolyzates, obtained 
from the six samples of vulcanized rubber, are shown 
in figure 2. The time required for the six separate 
pyrolyses and infrared analyses is of the order of 
one hr. 

An empirical relationship was developed for the 
quantitative estimation of percent natural rubber. 
































Ratios of the transmittances at 11.02 and 11.25 u 
D H G 
F 
‘ LU “ 
~ G 
E L _ 
4 ] 
4 
F n 
>A 
A - ‘ 
B - 
Za LZ 
] Gt R} l Vodified combustion-train furnace for p yrol {818 of 
polymers. 

4, Transite sheet; B, furnace from combustion train; C, stainless steel tub 
1), steel plug with hole for thermocouple; E, thermocouple; F, heater lead 
G, test tube; H, heater coil 

Thermocouple and heater leads connect t ome type of indicator-cont: 
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wavelengths, corrected for background, were used to 
minimize variations in cell thickness from run to 
run. It was found that the logarithm of this ratio 

| was very nearly a linear function of the concentra- 
tion of natural rubber in the total polymer. This is 

| demonstrated in figure 3. In order to avoid negative 
values, the ratios were multiplied by 10, prior to 
taking the common logarithm of the ratio. 
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The data listed in table 4 for the 24 specimens 
furnish the basis for the calibration curve shown in 


figure 3, relating logarithm / to percent natural 
rubber, where 
T 11.02 
R 10," 2 
T, 25 


and 7 is the transmittance at the designated wave- 
length, corrected for background. 


3. Results and Discussion 


The type of design used in this investigation is 
given in table 2 I6). The six letters in the body of 
the table can be identified as the six concentrations 
of natural rubber. By letting each row represent a 
complete run in which the six determinations are 
made in a preassigned order, associated with the 
columns of the table, errors resulting from instru- 
mental instability, or similar systematic sources, can 
be compensated. ‘To eliminate bias, randomizations 
were carried out, and the actual sequence of the de- 
terminations is shown in table 3. The results are 
tabulated in table 4, in terms of logarithms of ?, as 
previously defined. 

A statistical analvsis of the data revealed no de- 
tectable trend of the instrument within each run, 
but a small amount of instability was observed from 
one run to another. This small additional variability 
does not affect the precision of the results, as each 
run included a complete set of concentrations of 
natural rubber. The standard deviation of log 2, 
reflecting the precision of a single random determi- 
nation, was found to be 0.023, which corresponds to 


about 3-percent natural rubber. Thus, it can be 
stated with about 95 percent confidence, that a 
single measurement will not be in error by more 
than --6 percent. 
TABLE 2 Er perimental design [6] 
Column 
Row 

é ] 1 ‘ 

l i t ‘ d ‘ f 

2 t d c f ( 

5 i b ‘ | 

j f b t | ( 

TABLE 3 Order of analyse 5% 
Percent natural rubber 
Run 

| « ’ 1 t 

] om 1 st) WW) A “ 

2 i) st) 1 mm) 0 a” 

3 10) yal 0 sv ow) "w) 

1 st) Tt) aA 100 Ww) mw) 
* The numbers in the body of the table represent the six concentrations o 


natural rubber, expressed as percent, 
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TABLE 4. Experimental values for log yw R* 
Natural rubber —percent 
0 20 1) mw SU 100 
0. 727 0. S84 1.073 1, 194 1, 350 1. 442 
721 SU) 1. 050 1. 184 1, 291 1. 3069 
742 SS 1.045 1. 205 1. 291 1. 458 
746 xo) 1. 033 1. 180 1. 323 1. 459 
Average 0. 734 SS) 1. 050 1. 191 1.314 1. 432 


ik Wn. 50 transmittance at indicated wavelength in microns 


A calibration curve was obtained by plotting the 
average values, shown in table 4, corresponding to 
the various concentrations against the known con- 
centrations. The data are represented satisfactorily 
by the following quadratic equation 

)°=0.730+-0.00851 Y—0.000015 (1) 
where .Y is the concentration of natural rubber in 
percent by weight, and Y is the logarithm of &, 
defined earlier. This equation fits the data within 
the experimental error. 

If the slight curvature is neglected, the equation of 
the best straight line fitting the data is 

\" 


0.755 


+ 0.00692 NX. 
This fit is shown Jn figure 3. 

The use of the linear equation introduces an addi- 
tional error of a systematic type. This systematic 
error varies according to the natural rubber content. 
Averaged over the entire curve, it is of the order of 

4 percent natural rubber. Unlike experimental 
random error, the systematic error cannot be reduced 
through repeated measurements on an unknown 
sample. If, in the analysis of such a sample, a 
total uncertainty * not exceeding +6 percent natural 
rubber is required, triplicate determinations are 
necessary When the linear relationship is used, while 
single determinations suffice when the quadratic 
form is employed. A comparison of the two methods 
of fit is shown in table 5. 





Taspie 5. Comparison of calibration functions 
Y=log R 
Natural 
rubber Observed Straight Quadratic 
concen- value * line fit fit 
tration X 
0 0. 734 0. 750 0. 730 
nw SS | Sul 04 
1) 1. O50 | 1. 031 1, 047 
wo 1. 191 1. 172 1. 187 
sO 1.314 1.312 1, 316 
100 1. 432 1, 453 1, 432 
*A verage of four determinations. 


Using a 95-percent confidence interval 








4. Conclusion 
| 
The method utilizing the infrared spectra of py- | 
rolysis products to determine natural rubber and 
GR-S content, respectively, in their vuleanized mix- 
ture, has been found to be more rapid than existing 
methods, without appreciable loss in precision. It 
is entirely possible that refinement of the pyrolysis 
procedure and the use of a sealed absorption cell in 
the analvsis, might lead to greatly improved preci- 
sion of test It should also be possible to develop 
a method in which the bound styrene content in the 
GR-S could be estimated at the same time by utiliz- 
ing the band at 14.3 wu for styrene 


Acknowledgement is gratefully given to James 
Stewart of the Gas Chemistry Section, for his interest 
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and assistance in obtaining the infrared data for this 
work 
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Thermal Degradation of Polychlorotrifluoroethylene, 
Poly-d, 8,8-Trifluorostyrene, and Poly-p-Xylylene 
ina Vacuum ' 


S. L. Madorsky and S. Straus 


Polyechlorotrifluoroethylene (INel-F) (1), poly-a@,8,38-trifluorostvrene (I1), and poly- 
p-xvlylene (III) were pyrolyzed under conditions of molecular distillation, and some of the 
light volatile fractions analyzed in the mass spectrometer. The volatiles from (1) consisted 
of 27.9 weight percent monomeric fragments, mostly monomer, and 72.1 percent large 
fragments of average molecular weight 904. In the case of (I1), the volatiles consisted of 
73.6 percent monomeric fragments, almost all monomer, and 26.4 percent large fragments 
of average molecular weight 458. The volatiles from (III) consisted of 3.6 percent mono- 
meric fragments, not containing any monomer, and 96.4 percent large fragments of average 


molecular weight 661. Rates of thermal degr 


were also investigated. The activation energ 
and 76 kilocalories per mole for (1), (II), and 
thermal stabilitv was found II] I II 


1. Introduction 


It was shown in a previous publication [1]? in 
the case of a number of simple polymers, that their 
thermal behavior in a vacuum, in the temperature 
range 250° to 550° C., is primarily a function of their 
molecular structure. In this paper a comparison 
is made between polymers that are similar to some 
of those previously studied, and vet differ from them 
in certain structural features. With this in view, 
the following polymers were selected for the present 
study: 

1. Polychlorotrifluoroethylene (Kel -F) 

Cl 


| +3 


This polymer differs in structure from tetrafluoro- 
ethylene in that one fluorine atom is replaced with a 
chlorine atom. 

‘2 Polv-a.8,8-trifluorost yvrene 


4A 








This polymer differs from polystyrene in that the 


hydrogen atoms in a@,8.8-positions are replaced 
with fluorine atoms. 
> Poly-p-xvlvlene 
H H 
! "J 
H H Sn 
nt h he Ordnance Corps, Departmer 
the At l | I il Fa ties Corporation, Office of Synthet 
Rubty ! paper ws presented at the National Meetir he n 
Chemical Society in Cineinnati, Ohio, March 29-April 7, 19 
} erature references at th prcape 
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adation, in terms of rates of volatilization, 
ies calculated from these rates are 66, 67, 
(III), respectively. The following order of 


This polymer differs from polybenzyl in that it con- 
tains two, instead of one, CH, groups between the 
phenyl groups in the chain. It is also isomeric with 
polystyrene; however, here the phenyl group is a 
part of the chain, while in polystyrene it is pending 
from every second carbon atom in the chain, 


2. Apparatus and Experimental Procedure 


The experimental work consisted of (1) a study of 
pyrolysis in a molecular still and a subsequent in- 
vestigation of the decomposition products, and (2) 
measurements of rates of thermal degradation in a 
vacuum, as indicated by the loss in weight of a sample 
suspended from a spring balance. 

In the pyrolysis study, samples weighing 15 to 30 
mg were heated at various temperatures. In each 
case it took about 45 min to heat the sample to the 
required temperature, and this temperature was then 


‘ 
< 


maintained for 30 min. Four fractions were col- 
lected: 
(1) Residue. This fraction was weighed on a 


semimicro balance, but was not investigated further. 

(11) Heavy fraction, volatile at the temperature 
of pyrolysis, but not at room temperature. The 
weight of this fraction was calculated as the difference 
between the sum of the weights of the other three 
fractions and the original weight of the sample. 
The average molecular weight was determined by a 
microfreezing-point-lowering method. 

(111) Light fraction volatile at room temperature, 
and containing monomer or monomer-size fragments. 
This fraction was weighed and then analyzed in the 
Inass spectrometer. 

IV) Gaseous fraction, volatile at the temperature 
of liquid nitrogen. ‘This fraction was also analyzed 
in the mass spectrometer and was found to consist 
of hydrogen. Its weight was calculated from its 
volume, pressure, and composition, and amounted to 
0.02 percent of the weight the original 


‘ 
‘ 


about of 








sumple. Details of apparatus and experimental pro- 
cedure have been deseribed previously (2, 3). 

Rates of thermal degradation were determined for 
each polymer at several temperatures. A 5 7-mg 
sample of the polymer was placed in a platinum cru- 
cible suspended from a very sensitive tungsten helical 
spring balance, enclosed in a Pyrex glass housing, 
which could be evacuated to 107-° to 107° mm He. 
An electric furnace was preheated to the temperature 
required for a particular run. The furnace was then 
placed In position to enclose that part of the glass 
apparatus that contained the crucible It ordinarily 
required about 15 min from the time the furnace was 
placed in position, to the time at which the thermo- 
couple under the crucible indicated the temperature 
required for the given experiment. There was some 
loss of weight of the sample by evaporation during 
this heating-up period. ‘This loss was designated as 
the preliminary loss, and the zero time for any rate 
experiment was considered as the time when the 
thermocouple indicated that the operating tempera- 
ture had been reached. The apparatus and experi- 
mental procedure have been deseribed in detail in 
previous publications [1, 4, 5]. 

In all the rate experiments the percentage of the 
sumple volatilized at any given temperature was 
plotted against time. These plots can be used as a 
basis for constructing graphs of logarithm of residue 
aut time ¢ versus time. For some polymers these 
graphs are straight lines, indicating a first-order 
reaction [6], and the slopes of these lines are the rate 
constants for the respective temperatures. For 
other polymers the reaction is not of first order, and 
the plots of logarithm of residue versus time are 
curved lines. The three polymers of this investiga- 
tion belong to the second class. In this case, other 
methods of plotting the results were adopted: (1 
Ay rates, which are expressed in percent volatilized 
based on original sample per minute, at any given 
time /, were plotted against cumulative percentage 
volatilization at ft. (2) Ay rates, which are expressed 
in percent volatilized based on the residue at any 
time ¢, per minute, were plotted against cumulative 
percentage volatilization at /. Usually, one or the 
other, or both, sets of plots are straight lines in the 
range of about 10- to SO-percent volatilization. 

It was not possible to make an accurate and de- 
tailed study of initial rates with the present experi 
mental setup. It is planned to make such a study by 
degrading polymer samples by pyrolysis slowly at 
low temperatures, using automatic recording of the 
rates of volatilization. In the present work, the 
apparent initial rates were obtained by extra- 
polating the main parts of the rate plots to zero 
evaporation, 

While the apparent initial rates can serve as a 
measure Of thermal stability, it is perhaps more 
accurate, for the purpose of comparing thermal 
stability of various polymers, to use a value desig- 
nated as 7, and defined as the temperature, in 
degrees centigrade, at which a sample of a given 
polymer loses half its weight by evaporation during 
45 min of heating in a vacuum up to this tempera- 


ture, followed by 30 min of heating at this tempera- 
ture. Most of the weight loss takes place during the 
last 30 min. 


3. Mechanism of Thermal ‘Degradation of 
Polymers 


A possible mechanism of thermal degradation 
through scissions has been described in a previous 
paper [1]. According to this mechanism, degrada- 
tion by heat takes place through scissions of the 
polymer chain. In some the are 
accompanied by transposition, as in polymethylene, 


Causes SCISSLONS 


H H . H iH 
~ + ( ( *( ( 
H H H iH 
H H H H 
( ( ( Gs 
H m= § H H 


resulting in one olefin and one paraffin end. In 
other cases the scissions result in two free radical 


ends, as in polytetrafluoroethylene, 


The free radicals then proceed to depolymerize into 
monomer by a chain reaction, 


{ ( ( ( 
I 
( ( { { ( 
The difference in the behavior of the above two 
polymers can be ascribed to the difference in’ the 


I bond strengths, the latter being great- 
er that the former. Although there is a great deal of 
disagreement among investigators in regard to 
numerical values of bond strengths, there seems to 
be a general agreement as to their relative strengths. 
Thus, in the case of bonds with which this investi- 
vation is concerned, the bonds can be arranged in the 
following order: 


> HandC 


In the case of polvchlorotrifluoroethvlene, as will 
be shown below. the volatiles partly of 
monomer and partly of large fragments. This is 
due to the weakness of the C-—Cl bond, so that 
transposition of chlorine during scissions takes place. 
However, since there is only one chlorine atom on 
every second carbon, this transposition is limited. 
scissions are accompanied by 


consist 


As a result, some 
transposition, 
| C] Cc] 
( */ ( 
I fb k 
I F 7 } 
{ { ( { 
} I I I 
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without monomer formation, while other scissions 
result in formation of free radical ends, followed by 
monomer formation. 

As to what happens to the residue during thermal 
degradation, some information is found in the litera- 
ture on polystyrene {4, 7, 8], polv-a- and poly-p- 
deuterostyrene {7], polymethyl methacrylate [9], 
polyethylene [10], polymethylene {11], and polyiso- 
butvlene [12]. It was found, with all these polymers, 
that there is an initial rapid drop in molecular weight 
during the first few percent volatilization, or even 
before volatilization begins, followed by a much 
slower drop in molecular weight as volatilization 
proceeds. This rapid initial drop in’ molecular 
weight may be due to weak links [13] or to other 
causes. However, it is quite possible that the 
deviation of the initial rates from the linearity of 
the subsequent Aj- or A.-rates is due, to a large 
extent, to this rapid initial drop in molecular weight. 
It was also found that additives, such as benzoyl 
peroxide, affect initial rates of thermal degradation, 
as Was shown in the case of polymethyl methacrylate 
114]. 

One should be able to find a difference in the shape 
of the curves for molecular weight of residue veysus 
volatilization, bevond the first few percent volatili- 
zation, depending on whether the mechanism of 
degradation is of the polymethylene type or the 
polvtetrafluoroethyvlene tvpe. However, the litera- 
ture data are inconclusive with regard to this point. 
While in the case of polymethyl methacrylate, which 
degrades by the same mechanism as polytetrafluoro- 
ethvlene, degradation was carried out to about 90 
percent loss of weight |9], polymethyvlene was 
degraded to only about 14 percent volatilization |11] 
As for polvethylene, the investigation was made at a 
temperature below volatilization [10]. 


4. Results 
4. 1. Polychlorotrifluoroethylene 


This polymer * was in the form of a transparent 
sheet 0.2 mm thick. It contained no additives and 
had an average molecular weight of 100,000. Ex- 
perimental conditions and results of pyrolysis are 
shown in table 1. The light fraction ILI is, on the 
average from three experiments, 27.9 percent of the 
total volatilized part, as compared with almost 100 
percent in the case of polytetrafluoreothylene [5]. 
Mass spectrometer analysis of this fraction showed 
it to consist of about 90 to 95 mole percent mono- 
mer, the rest being a mixture of C3F-Cl and CsFyCl.. 
Thus, the vield of monomer was actually 26 to 27 
percent of the total volatilized part, as compared 
with almost 100 percent for polytetrafluoroethyvlene. 
When pvrolyzed in bulk [15] in nitrogen at atmos- 
pheric pressure, polychlorotrifluoroethylene vields 67 
percent monomer. Bulk pyrolysis gives similar 
results in the case of other polymers [16, 17]. 


Che authors are indebted to H. 8. Kaufman of the W. M. Kellogg Co, for 


supplying this polymer 


In figure 1 the percent of polymer volatilized is 
plotted against temperature for the experiments 
shown in table 1. The value of 7, for polychloro- 

TABLE 1. 


Pyrolytic fractionation of polyme rs 


Fractions of original sample 





Fraction 
I i il Il in 
Experiment Pempera a eetad 
ture Nonvolatile Volatik vol tilized 
Residue it room it room - rt . 
tempera- tempera - 
ture ture 
Polychlorotrifluoroethylene (Kel-F 
( wet % wt ut vt 
1 347 vs. o 
2 380 17 3¢ 15.0 Js 
$ 101 1.2 71.5 27.3 7. ¢ 
i 11S 0.¢ 70.0 27.4 | 27.¢ 
| Average 27.9+0. 4 
Poly-a, 8, 8-trifluorostyrene 
1 333 70.0 7.5 22.5 75.1 
2 448 34.5 16.6 "65.9 74.6 
3 SHS 1s 22.0 73.2 | 77.0 
| 1 104 ou 32. 2 wu 67. 4 
Average | 73.641 
| 
Poly-p-xylylene 
l 114 R45. 7 
2 441 “6 41.7 1.7 3.8 
$ hu 33. 5 3. 2 $3 1 
4 444 S.5 su 5 2.0 a 
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trifluoroethvlene is about 380° C, as compared with 
416° for polvmethylene, and 509° for polytetrafluoro- 
ethylene. 

The residue, fraction I, was a transparent glass. 
The heavy volatile fraction IT had an average molec- 
ular weight of 904, as determined by the freezing- 
point lowering in camphor. This value is higher 
than those observed for other vinyl polymers, but 
fluorocarbon compounds are known to have higher 
vapor pressures than hydrocarbons. 

The rates of thermal degradation of polvchloro- 
trifluoroethvlene were investigated at five tempera- 
tures. The experimental conditions and results are 
shown in table 2. In figure 2, percentage volatiliza- 
tion is plotted against time. It can be seen from 
this figure that the preliminary losses by volatiliza- 
tion are from 0 to 3 percent. The A>-rates, in percent 
volatilized based on the residue per minute, are 
shown plotted in figure 3. These plots are straight 
lines above 10 to 20 percent volatilization, and the 
apparent initial rates are obtained by extrapolation 
to zero volatilization. The values of these initial 
rates are shown in table 2. The activation energy, 
as calculated from these initial rates, using Arrhenius’ 
equation, is 66 keal/mole. The apparent initial rate 
of thermal degradation of polymers at 350° C, Av gs 
was selected for the purpose of comparing thermal 
stability of polymers [1]. If this rate is not con- 
veniently determined experimentally, it can be cal- 
culated from a given rate at a given temperature by 
means of a modified Arrhenius’ equation: 


E( 1.605 10 —7 ) 
2.303 R 


+loe»A,, 


logo Ay 


where A, is the rate corresponding to the absolute 
temperature, 7}, and FR is the gas constant. For 
polvchlorotrifluoroethyvlene, this rate is 0.044 percent 
per min, as compared with 0.000002 percent for 
polvtetrafluoroethyvlene. 


TABLE 2 Rates of thermal deqradation of polymers 
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4.2. Poly-a, 8, 8-trifluorostyrene 


This polvmer,* in the form of white light flakes, was 
prepared by R. 3S. Corley, of Polaroid Corp., from the 
50° C, using a small amount of dodeevla- 
mine as emulsifier. The emulsion was coagulated by 
the addition of 1-pereent sodium sulfate. The 
product was purified by washing thoroughly with 


monomer at 


ethanol to remove the emulsifier, dimer, and aleohol- 
— 
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of percentage 
soluble low polymers, and was then vacuum dried. 
Preliminary experiments on pyrolysis and rate of 
degradation showed that the polymer contained a 
considerable amount of short-chain molecules. A 
2-¢ sample was fractionated by dissolving at room 
temperature in 100 ml benzene and precipitating with 
About 1 g of heavy fraction was 


$5 ml methanol. 
thus obtained. This operation was repeated on the 


heavy fraction, resulting in 0.5 g of a still heavier 
fraction. This last fraction was freeze-dried and 
used in the experiments described here. On the 
basis of information with regard to the molecular 
weight by osmotic determination of the original 
material, the weight average molecular weight of the 
twice-fractionated 0.5 g heavy fraction was estimated 
to be at least 300,000. 

Experimental conditions and results of pyrolysis of 
polv-a, 8, 6-trifluorostvrene at four temperatures are 
shown in table 1. The amount of fraction IIT in 
percent of total volatilized part is about 74 percent, 
as compared with 42 percent for ordinary poly- 
stvrene [1]. Temperature of 50 percent volatiliza- 
tion, T,, as seen from figure 1, is 342° C, as com- 
pared with 364° for ordinary polystyrene {18}. 
There does not seem to be any satisfactory explana- 
tion at present for the greater stability of polystyrene 
as compared with poly-a, 8, 8-trifluorostyrene. 

Mass spectrometer analysis showed fraction LIT to 
consist almost entirely of the monomer. Judging 
from the large monomer vield in the pyrolysis of 
poly-a, 8, 6-trifluorostvrene, the mechanism of degra- 
dation consists mainly of scissions without transposi- 
tion, resulting in two free radicals: 


k k k k 
( ( ( ( 
I k hk k 
I I k k I 
( ( ( ( ( 
k I k k 
( ( ( ( 
F I k k F/SF\ F/F\ I 
( ( - ( ( 


These free radicals then break up into monomers by a 
chain reaction (unzipping). The lack of transposi- 
tion of fluorine here could be ascribed to the high 
(*—-F bond strength. 

The heavy fraction Il had an average moleculat 
weight of 458, as determined by the freezing-point- 
lowering method in benzene. This molecular weight 
corresponds to a trimer, and could consist of a mix- 
ture of dimer, trimer, and tetramer, as in the case of 
polystvrene, poly-a@ and poly-8-deuterostyrenes, and 
poly-m-methylstvrene [14]. While the weight ratio 
of fractions II and II] in polv-a, 8, 8-trifluorostyrene 
is 74:26, the mole ratio is 89:11, so that only a few 
large molecules have evaporated. The residue, 
fraction I, was glassy and light brown in color. 

Measurements of rates of degradation were carried 
out at four temperatures. Experimental conditions 
and results are shown in table 2. Cumulative 
percentage volatilization is plotted against time in 
figure 4. <A preliminary loss of weight of 6 to 10 
percent is shown. Rates Ay, in percent volatilized 


| based on original sample per min, are shown in 


figure 5. The initial rates were obtained by extra- 
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polation to zero time, and are shown"numerically in 
table 2. The activation energy based on these rates 
is 67 keal mole, as compared with 58-59 determined 
previously for polvstvrenes {14}. 
thermal degradation at 350°, calculated as in the case 
of polychlorotrifluoroethyvlene, is 2.4, as compared 
with 0.14, 0.24, 0.27, and 0.90 determined previously 
(4, 14] for poly-8-deuterostyrene, polystyrene, poly- 
a-deuterostyrene, and poly-m-methylstvrene, respee- 
tively. 
4.3. Poly-p-xylylene 

This polymer® was prepared by the Szware 
pyrolysis method, and is the same as the one used 
by the Polaroid investigators in their work |19] on 
polv-p-xvlvlene. It is a light-vellow powder and is 
described by Livingston [20] as “apparently all 
crosslinked.’ Its molecular weight was unknown, 
but must be quite high, judging from the fact that 
on py rolysis the initial rate was not excessive, as is 
the case with low molecular weight polymers 

Szware’s method |21, 22] for the preparation of 
poly -p-xvlvlene consists of heating gaseous p-xvlene 
at about SOO° CC. At this temperature, p-xvlene 
loses hydrogen to form 3,6-dimethvlene-1.4-cevelo- 
hexadiene, 


Which is stable in the gaseous phase, but is labile in 
the condensed phase, and polymerizes at about 0°C 
to form poly-p-xvivlene. On the X-ra' 
analysis and energy of formation of this polymer, 
Szware assumes that it has a linear structure with 


basis of 


H H 
C c— as the repeating unit. However, 
other investigators [19, 23, 24], on the basis of 


high ervstallinity, infusibilitv, insolubility in’ most 
of the ordinary solvents, and of other chemical, as 
well as physical, properties of poly-p-xvlvlene, came 
to the conclusion that this polymer is highly cross- 
linked. 

Results of pyrolysis experiments are shown in 
table 1 and figure 1. Fraction II], in percent of the 
total volatilized part, is 3.6. Mass spectrometer 
analysis of this fraction is shown in table 3. As seen 
from this table, the monomer, 


H 7 H 
( ( 
H = H 


does not appear at all in fraction Il. Fraction II 
was found by the freezing-point-lowering method in 
camphor to have an average molecular weight of 661. 
The residue was light brown. The 7), value, as seen 
from figure 1, is 432, as compared with 430 for poly- 


: The 
polymer 


suthors are indebted to the Polaroid Corp. for supplying them with this 
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TABLE 3 


at roown 


Mass-s pe ctrometer analysis of fraction III collected 


le m perature in the pyrolysis ol poly-p-xrylyle ne 


Pemy iture of pyrol 
Cc 
( nponer \ 
iy 441 Wd 

Mole Vole Vol Mole 
Methylethyl-t Coll 7.8 70 Th is 
Methyl-styret ; 2.4 2 ; 
X vleme Hs 0 S34. I st Ts. ¢ 
Poluene 122 ‘ 6.3 0 
Benzene ie 14 a 
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benzvl and 364 for polystvrene. Thus, polvbenzvl 
and poly-p-xvilvlene approach polytetrafluoroethyl- 
ene, With a 7) of 509 [5] in thermal stabilitv. This 
is ost likely due to the fact that the highly resonat- 
ing benzene ring forms a part of the polymer back- 
bone in these two polymers. On the other hand, 
stvrene, Which is isomeric with poly -p-xvivlene, but 
has the benzene ring pending from every second 
earbon in the polymer backbone, is less thermally 
stable than polvbenzyvl or poly-p-xvlvlene 

Results of rate measurements are shown in table 2. 
Percentage volatilization versus time is shown in 
figure 6. As seen from this figure, the preliminary 
losses varv from about 3 to 5 percent volatilization 
The Ay rate curves are plotted as solid lines in fig- 


ure 7. These curves, when extrapolated to zero 
volatilization, run close together, and the rates are 
subjeet to considerable error. The initial Ay-rates 


are shown in table 2 The activation enerey cenaleu- 
lated on the basis of these rates is 76 keal 
pared with 53 for polvbenzyl [1]. As 2 
the accuracy of the activation energy for poly-p- 
xvivlene, the Aj-rates are shown plotted as inter- 
rupted lines in figure 7. The Ay-rates at the position 
of maxima are shown in table 4. and the activation 
energy calculated on the basis of these maximum 
Aj-rates is about the same as that calculated 
from the initial AQ-rates. A surprising similarity to 
polystyrene [4], with regard to the mechanism of 
thermal degradation, is the shape of the Ay and 
Ay-rate curves for poty-p-xvlvlene, which point to a 
reaction intermediate between a first and a_ zero 
order, the same as in polvsty rene. 


as Coll, 


check on 


TABLE 4 Varima on K rate-curves for poly-p-ryl jlene 


mperature Maxima 
( ’ 
15 ( i) 
1) ‘ 
$25 1. 2t 
£30 1. 7 


The Avge initial rate calculated from Ayj-rates is 
0.002, as compared with 0.006 percent for poly- 
benzyl [1] and 0.24 percent per minute for poly- 
stvrene [4]. 

Even if we assume that poly-p-xvlylene has a 
highly cross-linked structure, some parts of the 














polymer would be linear. 
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UR t) The mia degradation of 


It was shown by Szware 


the monomer, 3,6-dimethyvlene-1.4-cvelohexa- 


chene, 


in 


polymer was pyrolyzed directly 
chamber of the mass spectrometer ® by a method 
de 
mass spectrogram consists of a series of peaks of 
formulae nV 


Phe authors 


H 


ii oil 


WoW 


These radicals could then unzip into monomers 


H H iH H 
( ( ( ( 

H iH i i 
iH iH iH H 
( { ( ( 
H H i i 


In order to check on the existence of the monomer 
the pyrolysis of poly-p-xvlvlene, a sample of the 
into the lonizing 


veloped by Bradt, Dibeler, and Mohler [25]. The 


1 and ».VY—1, where .Y is the monomer 


Paul Bradt and F. L. Mohler, of the Mass 
s experiment and interpreting the results 
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is stable in the gaseous phase. This monomer can 
he expected to form as part of the volatile product 


and remain stable while in the gaseous state. The 
mechanism of monomer formation could) be as 
follows: A thermal seission occurs at the CH 


CH 
in benzene rings on both sides. 
place without hydrogen transposition and results in 
two free radicals: 


bond. which is in B-position to double bonds 
This scission takes 


| i! i i if 
| i i i i 
unit CH:C,HyCH,, molecular weight 104. With 


increase of n from 2 to 8, the intensity decreases from 
1,000 to 10 (on an arbitrary scale), as shown in table 
5. There are also smaller peaks with one or two 
CH. radicals taken from or added to n\V+1. The 
amount of monomer, 3,6-dimethylene-1,4-cyclohexa- 
diene, could not be determined quantitavely, in 
view of unknown contributions from the dimer, 
trimer, tetramer, ete., to the 104 peak. However, 
this amount is estimated as considerably less than 
10 mole percent. Xylene, molecular weight 106, 1s 
present to the extent of about 1 mole percent. The 
highest peak is for m/e=105. This peak could be 
due chiefly to contributions from the larger tons 
which are multiples of .Y. Peaks at 207 and 209 
are due to dimer, those at 311 and 313 to trimer, ete. 
These results are in general agreement with those 
obtained from pyrolysis, where the bulk of the vola- 
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Paul Bradt and F. L. Mohler 

tiles consisted of fraction Il, having an average 
moecular weight of 661, while fraction ILL consists 
mainly of xvlene. 

Poly-p-xvlvlene and polybenzyl are two examples 
of polymers in which the phenyl group constitutes a 
part of the chain backbone. Both polymers are 
thermally stable, and do not vield the monomer unit 
as part of the volatile products. It was shown in the 
case of polybenzyl |1] that the configuration of the 
chain is such that monomer formation by unzipping 
is not to be expected. However, in the case of poly- 
p-xvlvlene, one could expect a considerable amount 
of monomer instead of the small amount actually 
found, which should be stable in the gaseous phase, 
according to the work of Szware. The absence of 
a large amount of monomer in the volatiles in the 
gaseous state could be explained on the basis of res- 
onance in the poly-p-xvlvlene, which prevents the 
free radical end of the chain from unzipping in the 
same manner as in the case, for example, of polytetra- 
fluoroethvlene, polyvchlorotrifluoroethvlene, and other 
polymers 


5. Comparative Thermal Stability of 
Polymers 


It was pointed out above that a comparison of 
thermal stability of polymers can be made on the 
basis of thetr initial rates of volatilization. These 
initial rates were not determined experimentally, but 
were obtained by extrapolating to zero volatilization 
the main paris of the rate curve extending from about 
10 to SO percent volatilization. In making this com- 
parison, the rates Ags, of all the polymers are cal- 
culated to 350° C Perhaps a more accurate co n- 
parison can be made on the basis of the 7), values of 
polymers. This value was defined as the temperature 
at which a polymer sample will lose half its weight 
when heated in a vacuum for 30 min at this tempera- 
ture, preceded by a 45-min heating-up period to this 
temperature, Table 6 shows a comparison of ther- 
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TABLE 6. Relative stability of polyme rs 
kK rate l 
Polymer 
Percent Ref ( Refer 
per tin ence ence 
Polytetrafluoroeth ylene 0. GOO002 7 My 
Poly-p-xylene ar 2 
Polybenzyl (ie l 440) l 
Polymethylene (KM l 107 l 
Polyethylene O0S i Ht It 
Poly propylene anu {NT 
Polychlorotrifluoroethy lene O44 l 380) ! 
Poly-@-deuterost yren 4 1 ‘72 I 
Poly vinyleyelohexane ie 17 3Hiy Is 
Polystyrene 24 i tid Is 
Poly-a-deuterost vrene 23 17 th Is 
Poly-m-methylstyrem wy 17 358 Is 
Polyisobut vlene 24 ! 34s l 
Poly-a, B, 8-trifluorost yrem 2.4 s42 
Poly methylmethacry late 5.2 17} $27 Is 
Poly-a-methylstyvrenm 230) 17 278 Is 


mal stability of 16 polymers on the basis of Aygo, and 
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With a few slight deviations, the two compari- 


sons run parallel. 
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Infrared Transmittance of Some Calcium Aluminate and 
Germanate Glasses'” 


Jack M. Florence,’ Francis W. Glaze, and Mason H. Black 


The infrared transmittance of some calcium aluminate and germanate glasses has been 


measured out to © microns 


was CaQ, 26.7 to 52.0 percent, and Al,Os, 28.2 to 49.6 percent, 
MgQ, and PbO were added in varving amounts up to a maximum of 36.0 percent for 
aluminate 
but show a prominent water absorption band at 2.9 to 3.0 microns. 
be decreased somewhat by means of a dry air treatment of the melt. 


La.Q., 


any one constituent These calcium 


strong tendency toward devitrification 


Germanium oxide is a good glass-former. 


The range of compositions of the calcium aluminate glasses 


Barium oxide, BeO, Bi,O 


infrared transmitters, 
This absorption can 
These glasses have a 


glasses are good 


Its glasses have about the same infrared 


transmittance as the calcium aluminate glasses in the absence of oxides such as SiO, and 


BeO, which absorb in the 4.5- to 


1. Introduction 


The study of the transmittance of infrared energy 
by glass [1], 2, 3]! at the National Bureau of Stand- 
ards has resulted in the preparation of glasses de- 
parting from the ordinary glass compositions. The 
common glass-forming oxides are B.O,, P.O, and 
sO,. Samples of glasses, 2. mm_ thick, prepared 
with BO, and P.O; transmit very little infrared 
energy bevond the water absorption band at 2.9 a. 
Silica is the best of the ordinary glass-formers as 
far as the transmittance of infrared energy is con- 
cerned. However, silicate glasses in 2-mm_ thick- 
nesses do not transmit much energy of wavelengths 
bevond approximately 4.5 « because of the absorp- 
tion by Si-O bond at 4.45 yp. Other compounds 
considered to be elass-formers are GeQ,, ALO,, 
Bek, Sb.O,, V.O., and Bi,O,. Only those composi- 
tions which showed promise of being able to produce 
glass blanks of appreciable size, and which could be 
melted in platimun, were investigated. They con- 
tained CaO ALO,, GeO, or BeF, 

Some Bek, glasses, similar to those reported by 
Hevne [4], were prepared free from visible ervstalliza- 
tion only by incorporating ammonium acid fluoride 
in the batch. These were found to be 
readily attacked by water, as reported by Hevyne, 
hence were given no further consideration. 

GeO, glasses are interesting, but, unfortunately, 
the cost of germanium is high and the material is in 
great demand in the electronics field. However, a 
lunited number of compositions were studied. 

The glass-forming ability of ALO, has been in 
controversy since the beginning of the century. The 
earliest reported aluminate glass was by Shepherd, 
Rankin, and Wright [5], from the study of the 
MgOQ-CaQO-ALO, svstem. Bussem and Eitel [6] 
found that the composition 52.2 percent ALO, and 
47.8 percent CaO could be quenched to glass. 


glasses 
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5.5-micron region, 


Stevels {|7] and Safford and Silverman [8] regard it as 
improbable that such a glass could be formed. 
Further phase-equilibria studies of the caleium 
aluminates with a third component have indicated 
the ability of aluminum atoms to assume the four- 
fold coordination said to be necessary for glass forma- 
tion [9]. Sun [9, 10] has published and patented a 
series of aluminate and beryllo-aluminate glasses. 
Sun {11, 12] and Stanworth [12, 13] published a 
series of notes on the aluminate glasses. Wevl [14] 
states that “ALO, can play the role of glass-forming 
oxide only in combination with CaO, the only 
example of a pure aluminate glass being the vitreous 
calcium aluminate.” 


2. Preparation of the Glasses 


The procedure for the preparation of the glasses 
and for the transmittance measurements has been 
given in previous publications |1, 2]. During the 
fining of several of the glasses, dry air was introduced 
into the bottom of the melt by means of a platinum 
tube for 2 hr. This procedure is referred to, for 
brevity, as the “dry-air treatment” [3]. With some 
glasses of low viscosity, this treatment is very effec- 
tive in removing water vapor and possibly other 
soluble gases. 

Both anhydrous and hydrated alumina, as indi- 
eated in table 1, were used in the batches as the 
source of ALQOs. 


3. Calcium Aluminate Glasses 


The base glasses for this phase of the work were the 
low silica eutectic composition from the 
(‘aOQ-Al,O,-SiO, phase diagram and another glass of 
very similar composition [15, 16]. Glass (-1458 
(fig. 1) is the ternary eutectic composition. The 
other glass ((-1474, fig. 2) is very similar to one 
mentioned by Dusing in U.S. Patent No. 2,252,495, 
covering a series of infrared transmitting glasses. 
Dusing reports that a glass of composition, SiQ,, 6.9 
percent, CaO, 49.7 percent, and Al,O,;, 43.4 percent, 
transmits infrared energy bevond 6 uw for a sample 1 
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(*-145S and C—-1474, as well as those for the other 
glasses reported in the paper, are given in table 1. 

The main difficulty, in the preparation of this 
family of classes, Is their high melting temperature 
and their tendency toward devitrification when 
poured in- thick The melting temperature 
required is about 1,550° C, measured by means of an 
optical pvrometer sighted on the surface of the glass 
They also show appreciable color, amber to brown, 
which does not seem to affect their infrared transmit- 
tance. This color is probably due to platinum dis- 
solved from the crucibles in which they were melted 

Glasses C-1458 and C1474, with a silica content 
of 6.8 percent, have some transmittance out to 6 gw in 
2-mm thicknesses. Previously reported glasses with 
higher silica content cut off between 5.0 and 5.5 
2] 
increased the transmittance of the glass bevond 3 
u [3] Figure 3 shows the transmittance curve for a 
low silica eutectic glass, reported by MeMurdie and 
Insley [17], melt 2-51 

The substitution of other oxides for silica was tried, 
leaving only the CaO-Al.O, group the glass- 
former. One in which BeO was substituted for 
silica gave a glass of satisfactory quality, free from 


slabs 


bh 


A reduction in silica content also materially 
> J 


iis 


crystallization. This was glass C-1540, the trans- 
mittance curve of which is shown in figure 4. This 
glass shows improved transmittance between 2.8 to 


3.8 uw, but decreased transmittance from 3.8 to 5+ 
in comparison with the CaQ—-Al,O,-SiO, 
This glass was given the dry-air treatment. 


ea 


Li, 


classe s 


In the disenssion of the individual glasses, the original melt numbers are used 
Consequently, the order has been jumbled to obtain a proper continuity in thi 
paper 
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In the CaO -ALO,-BaO) system, glasses were 
formed ina wide range of composition: CaQ, 38 to 42 
percent; ALO , 39 to 47 percent; BaQ, 10 to 22 per- 
cent. The best glass, as far as ease of production js 
concerned. Is + a32 fie a with (" 146] fie t) il 
close second. To determine the effect of HLO in the 
bateh materials, glasses (-1479 and C1528 (figs. 7 


and 8S) were made with anhydrous aluminum oxide 
as the source of alumina: l46l and C1464 
figs. 6 and 9) were made with hydrated alumina. 
Those made with hydrated alumina show a slightly 
more prominent absorption band at 2.9 to 3.0 4 than 
those made with anhydrous alumina. 

Glass C-1466 (fig. 10) is of the same composition 
as glass (1464 (fig. 9), with the exception of 9.5 
percent of La.O, in place of CaO. This substitution 
had practically no effect on the transmittance 


glasses ( 


A comparison of figures 5 to 9 shows that the sub- 
stitution of BaO for CaO and ALO, has no effect on 
the infrared transmittance of the glasses. Hlowever, 
comparison of figure 8 with IL shows that the sub- 
stitution of BeO for CaO and ALO, substantially 
decreases the transmittance bevond 4.5 g«, acting 
similarly to SiO, in this respect, a fact also indicated 
by figure 12. It 
mittance at 2.9 to 3.0 u, but less effectively than the 


also seems to Increase the trans- 


dry-air treatment. 

Modification of some glasses prepared by Sun [6] 
vave a five-component glass CaQ-ALO,-BaQO-BeO-— 
La.O, that could be prepared without much 
difficulty. Glass C-1468 (fig. 13) was prepared in 
the usual manner, whereas glass (—-1478 (fig. 14) of 
the same composition was given the dry-air treat- 


too 
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ment. Both melts were made with 
alumina. Glass (-1478 shows superior transmit- 
tance between 2.8 and 4.75 uw. Note in figure 13 
that the decrease in the 2.9- to ?.0-u absorption due to 
BeO, observed in figures 11 and 12, does not persist, 
while the absorption beyond 4.5 pu does persist, 

Transmittance curves for glass C—1605, contain- 
ing 4.8 percent PbO, is shown in figure 15 and for 
glass C—1624, containing 13.0 percent PbO, in figure 
16. The curves for these glasses are quite similar, 
except that the glass with the larger PbO content 
shows a slightly more prominent absorption band 
at 2.9 to 3.0 u 

In the hope of lowering the melting temperature of 
the calcium aluminate glasses, four melts containing 
ALO,, CaO, BaO, BeO, and varving amounts of 
Bi.O, (figs. 17, 18, 19. and 20) and one containing 
only ALO,, CaO, and Bi,O 1442 in fig. 10) 
were made. The hope of a low melting temperature 
was, however, a false one. Examination of figures 17, 
IS. and 20 shows that the absorption caused by water 
at2.9 wis not affected yy the BLO content, while figure 
10 shows that the dry-air treatment can materially 
A comparison of figures 17 
and 20 shows that increasing the Bi,O, from 5 to 26 
percent, with BeO does not increase the 
transmittance beyond 4.5 uw. Nor does the addition 
of Bi.O, up to 36.2 percent (glass C—1442) have any 
significant effect on the transmittance in COM parison 
with the barium oxide glass C-1464 in the absence 
of BeO (figs. 9 and 10 The increased transmit- 
tance, bevond 15 uwushown in the latter pair of fivures, 
In comparison with figures 11, and 17 to 20, is 
evidently due to the fact that BeO ts absent 

It seems apparent from the representative elasses 
given in this paper that, although novel compositions 
for glasses have been found the calerum 
aluminates, thei application to the transmittance 
of infrared energy is limited for certain uses because 
of the high water absorption. This is indicated by 
the absorption bands at 2.9 and 4.7 uw. However, 
this difficulty can be somewhat overcome by means 
of the dry-air treatment 

The usefulness of glass for many applications is 
often determined, not only by transmittance, but 
also by other physical properties as well. The 
unusually high value of Young's modulus for one 
calcium aluminate composition is reported here since 
it may be of practical. as well as theoretical, interest. 
Glass C-1461 has a Young’s modulus of 1,052 kilo- 
bars (15,230,000 psi) at 20°C. This is in comparison 
to that for fused silica of 730 kilobars (10,590,000 
psi) and for most commercial glasses of 540 to 805 
kilobars (7,830,000) to 11,680,000 (18). In 
table 2, the values for Young’s and shear moduli 
and Poisson’s ratio for this glass are given for various 
temperatures from 20° to 750° C. 

Coefficients of expansion of five calcium aluminate 


frlass C 


decrease this absorption 


present, 


among 


psi) 


glasses (C1461, C—-1468, C-1529, C-1532, and 
(1654) varied from 9.0«107° to 11.1&«10°°° C, 
with (—-1654 giving the lowest and C—-1461 the 


hydrated | 


highest value. The deformation points® of these 
same glasses varied from 671° to 835° C, with 
(*-1529 having the lowest, and C—-1532 the highest, 
value. 


TABLE 2 Young's and shear moduli and Poisson's ratio 


versus temperature for calcium aluminate glass C—1,461 


Young's Shear P 


Femper- modulus modulus — 
iture k G ratio 
( Wilohars Kilohars 
A 152 10s. 0 0, ZSu 
Hs 1045 105.4 2n7 
10 1041 103.4 28 
210 102s 3407.6 203 
ou) LO17 303. 5 292 
W10 aug. 5 $7. 1 201 
0) usu. | 382.5 202 
600 974.7 376. 7 204 
7 O45. 0 sos 8 Jt 
7a Qh. 4 BH. 5 209 
7) 400 {Ls s 


4. Germanate Glasses 


The great advantage of the dry-air treatment to 
glasses has been shown in a previous paper {3}. 
Figure 21 compares the transmittance of a lead 
silicate glass C-1284 with that for the molar equiv- 
alent lead germanate 1526. Both were 
given the dry-air treatment.’ Had glass C-1284 
not been given the dry-air treatment, its transmit- 
tance at 2.9 to 3.0 w would only have been 30 to 40 
percent [3]. Out to 3.6 gu, the silicate glass C1284 
has the higher transmittance; bevond 3.6 yw the 
germipanate glass (1526 has the superior transmit- 
tance. The lower transmittance of the germanate 
glass below 3.6 uw is probably due to its higher index 
of refraction, hence higher reflectance. Also, the 
range of transparency in the infrared is increased 
about 1.2 4 in the ease of the germanate glass, in 
line with the respective vibration frequencies: for 


glass © 


Si-O, 1,242.03 em (8.05 uw): and for Ge-O, 985.7 
em! (10.15 w) {19}. 
Glass C--1,434 (fig. 22) is the CaOQ-ALO,-GeO, 


glass equivalent, in mole percent, to CaQ—ALO, SiO: 
glass (*-1458 (fig. 1). 
(1434 has slightly higher transmittance out to 4.6 


In this case, the silicate glass 


u. Beyond 4.6 yu, the germanate glass C-1,434 is 


definitely the better. 

In figure 23, glass C- 1534, a BaO-PbO- BeO-GeO, 
glass, is compared in transmittance with molar 
equivalent BaO-PbO-BeO-SiO, glass C-1223.  Al- 
though glass C-1534 was given the dry-air treatment 
and glass C-1223 was not, the latter is the better 


‘The temperature observed during the measurement of expansivity by the 
interferometer method at which viscous flow exactly counteracts thermal expan- 
sion. The deformation point generally corresponds to a viscosity in the range 
from 10" to 10" poises’. Terms relating to glass and glass products, ASTM 
Designation: C-162-49 T 

7 About 6 years ago we made 30 double-convex lenses of glass C-1284, 44¢ in 
in diameter and 1 in. thick at the center, for the Department of the Navy, Bureau 
of Aeronautics As far as we know, they are still giving satisfaction, which 
speaks well for the permanence of the effect of the dry-air treatment 
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transmitter out to 4.1 yu. Glass C-1534 does not 
have as good transmittance bevond 2.8 uw as glass 
('-1526, which contains only PbO and GeQ). 


5. Summary 


Calcium aluminate glasses should find wide use for 
infrared transmission in applications where their 
prominent water absorption band at 2.9 to 3.0 u is 
not detrimental. Where it is detrimental, its mag- 
nitude can be decreased somewhat by means of the 
dry-air treatment. One of the calcium aluminate 
glasses had a very high Young’s modulus— 1,052 
kilobars or 15,230,000 psi, and it may find special 
applications for this reason. It has been found that 
BeO has a detrimental effect on the transmittance of 
calcium aluminate glasses bevond 4.5 yu. 

The dry-air treatment of a Jead germanate glass 
melt produced one of the best oxide glasses for the 
transmittance of infrared energy to come to our 
attention, especially for wavelengths beyond 3.6. x. 
However, the high cost and short supply of GeO, will 
limit application of germanate glasses. 

To our present knowledge, the transmittance of 
oxide glasses for infrared energy seems limited to 
about 6 uw for 2-mm thicknesses. Since it has been 
found that the use of higher atomic weight elements 
in general extends the region of infrared transmit- 
tance, the best possibility of increasing this region is 
by replacing oxygen by heavier elements such as 
sulfur, selenium, ete. 


The authors are indebted to Marshall Anderson 
and Nicolo Acquista, of the Radiometry Section, for 
supplving the data on the transmittance of these 


glasses. 
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